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The effects of microenvironment on cellular biology are gaining increasing attention in 
recent years. This is due largely to the realization that the microenvironment exerts extensive 
influence on cell behaviors, particularly in cancer progression and stem cell differentiation. 
The manifestation of “tumor microenvironment” is now recognized as a pre-requisite to the 
acquisition of hallmark traits in cancer. The stem cell niche provides stem cells with signals 
that direct its proliferation, differentiation and gene expression. In order to gain a better 
understanding of the effects of microenvironment on cell behaviors and vice versa, 
interdisciplinary approaches involving the use of principles and concepts in biology, 
engineering and mathematical modeling are necessary. This thesis developed rheological 
techniques and modeling approaches to studying deformation mechanisms and structural 
heterogeneity within tissues and biopolymer networks, which are directly applicable to 
defining physical parameters in cell and extracellular matrix interactions.  
The first part of the thesis involved the use of conventional macrorheological technique to 
uncover the rich mechanical properties of collagen, the most abundant protein found in 
mammalian. The nonlinear behaviors under shear strain were analyzed to elucidate the 
hierarchical nature of microstructure deformations in collagen and the response was further 
modeled using a compact, constitutive nonlinear viscoelastic model. Using the developed 
model, the hierarchy in physical deformations mechanisms of skin tissue subjected to 
increasing shear loading was subsequently elucidated.  
The existence of inherent network heterogeneity and the importance of short length-scale 
mechanics within biopolymer networks prompted the development of a robust microscale 
 xv 
diagnostic tool in the second part of the thesis. The single probe particle tracking method 
established in this study enabled a more reliable and relevant analysis of the mechanical forces 
in local microenvironment surrounding a single cell.  This method was then used to elucidate 
the physical properties of the microenvironment in invasion of chemoresistance glioma cells. 
Furthermore, the effects of local network mechanics on invasive behavior of chemoresistant 
glioma cells were investigated. The methods developed in this study for measuring physical 
properties of the local microenvironment around the cells should have broader utility beyond 
the scope of this project.  
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Chapter 1: Introduction 
1.1 Biopolymers in Biomaterials Research 
Biopolymers are biologically derived long chains of repeating units of amino 
acids, nucleic acids or saccharides. Production of biopolymers can be achieved using 
conventional chemical processes (for example, polylactic acid and polycaprolactone), 
direct production in microorganisms or genetically-modified organisms (for example, 
polyhydroxyalkanoates and polyhydroxybutyrate) and extraction from biomass (for 
example, cellulose and collagen). A distinct characteristic of biopolymers is the 
spontaneous formation of defined structures in the secondary and tertiary level, which 
will contribute to biological functions significantly. The outstanding biocompatibility 
of these polymers, coupled with its ability to form physiologically relevant 
3-dimensional (3D) scaffold to mimic the tissue extracellular matrix (ECM), have 
made it an attractive option in many biological applications [1,2].  
The recent interest in the adoption of 3D biopolymer-based models for 
applications in cellular studies is motivated by the observations that the complex ECM 
of tissue affects the physiological functions of the residing cells [3,4]. Beginning with 
embryogenesis and continuing throughout adulthood, the ECM affects cell 
proliferation, differentiation, motility and survival through biochemical signals (cell 
adhesion, growth factor binding) and mechanical cues (stiffness and elasticity, 
permeability and deformability), as shown in Figure 1.1 [5]. The idea that the ECM is 
an inert supporting material, produced by cells as a mere scaffold to reside in, is thus 
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no longer valid. In addition, the use of traditional 2D cell culture techniques to 
understand cell behavior will be incomplete, owing to its inaccurate representation of 
cells in vivo as 2D cell cultures lack the geometrical and contextual cues found in 
native tissues [6].  
A multidisciplinary paradigm shift towards the adoption of 3D cell culture 
techniques is thus underway for the last two decades [6]. As mentioned earlier, 
biopolymers have the ability to form physiologically relevant 3D scaffold to mimic the 
ECM and thus are suitable for use in 3D cell culturing. The 3D biopolymers scaffolds 
exhibit good biocompatibility, high swelling capability and high permeability for 
oxygen and water-soluble metabolites, making them suitable for cell encapsulation 
[7,8]. In addition, the biopolymers networks surrounding encapsulated cells can 
provide the milieu of endogenous signals which are essential for cell-ECM interactions, 
facilitating tissue formation and subsequent in vivo biological applications [7,8].  
 
Figure 1.1: The complex 3D cellular microenvironment provides mechanical and 
biochemical cues that guide cell functions. 
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Natural biopolymers for 3D cell culture are typically formed of proteins and ECM 
components such as collagen [9,10], fibrin [11,12] or Matrigel [13,14], as well as 
materials derived from other biological sources such as chitosan [15], alginate [16,17] 
or silk fibrils [18-20]. In this work, the focus was on natural biopolymers (collagen, 
fibrin and matrigel) derived from ECM components. 
Collagen 
The ECM meshwork includes collagenous proteins, noncollagenous glycoproteins 
and proteoglycans [5], of which collagen forms the major constituent [3]. There are at 
least 20 types of known collagen, of which 80 to 90 percent found in human body are 
fibrillar and mainly composed of collagen type-I [21]. Native collagen molecules 
contain repeating Gly-Pro-X sequence in the three alpha-chains, where X indicates any 
amino acid, folded into characteristic triple-helical structure, as shown in Figure 1.2. 
The three alpha chains are held together by hydrogen bonding between the peptide 
bond NH from glycine in one chain to the carbonyl (C=O) group in an adjacent chain. 
The stable and rigid triple helix is formed by the consensus twisting of the three alpha 
chains, taking into consideration the fixed angles formed by the peptidyl-proline or 
peptidyl-hydroxyproline bonds. The molecules pack laterally to form fibrils with 
diameter of 50-200 nanometers. Adjacent collagen molecules are packed in a staggered 
manner, as shown in Figure 1.2, with distance between the front and end of 2 
molecules, fixed at 67 nanometers within the fibrils. The subsequent parallel 
side-by-side packing of fibrils forms the fibers, which have diameters in the 
micrometer range [22,23].       




Figure 1.2: Hierarchical structure of collagen (left) and the length of the fundamental 
microstructure units (right)  
Collagen has dual functions in animal biology. Firstly, collagen is responsible for 
maintaining cohesion between tissues and organs together with other ECM 
components such as elastin and glycoproteins. Secondly, collagen provides tissues and 
organs with resistance, elasticity and flexibility properties to withstand tensile, 
compression and shear stresses [3]. For example, collagen type-I serves as mainframe 
support in the construction of bones and mutations in the genes of the alpha chains lead 
to osteogenesis imperfecta (also known as brittle-bone disease) [24]. Collagen was also 
found to form a protective layer that envelops plaques, formed by built up of 
cholesterol in the blood arteries, and the rupture of this collagen layer leads to spillage 
of cholesterol and blood-clotting agents resulting in catastrophic myocardia infraction 
[25].  
In view of its importance, a better understanding of the mechanical properties of 
the collagen should provide insights into the behavior of collagen under different 
mechanical stress. We will further elaborate on this issue in Chapter 2. In addition, the 
abundance and ubiquity of collagen type-I has made it an attractive biopolymers for 
3D cell culturing and a physiologically-relevant material to study cell–ECM 
interactions, as elaborated in Chapter 3 and Chapter 4.  
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Fibrin 
Fibrin is a fibrous, non-globular protein involved in signal transduction, blood 
coagulation and platelet activation in human body [26]. The basic building block of 
fibrin clots is fibrinogen. Fibrinogen is a glycoprotein normally present in human 
blood plasma at a concentration of 2.5 g/L and is essential for various biological 
functions, such as hemostasis, wound healing and angiogenesis [27]. Fibrinogen is 
composed of three pairs of polypeptide chains, Aα, Bβ and γ, where A and B are the 
small peptides (fibrinopeptides) that are cleaved from fibrinogen in the presence of 
thrombin and α and β are the parent chains left after cleaving. No peptides are cleaved 
off by thrombin for the γ chains. The six chains are held together by disulfide linkages 
to form a fibrinogen molecule with a central domain, two coiled-coil regions and four 
nodules at the end of the molecule [27].     
The polymerization of fibrin is initiated by the cleavage of fibrinopeptides A and 
B from the fibrinogen molecule by thrombin to form fibrin monomer, as shown in 
Figure 1.3. Thrombin is a serine proteolytic enzyme which specifically targets the 
Arg-Gly bonds between the main chains and fibrinopeptides in fibrinogen. Cleavage of 
the fibrinopeptides A and B exposes binding sites in the central domain that are 
complementary to exposed sites in the end nodules. The specific complementary 
binding sites produce protofibrils with half-staggered fibrin monomers, as shown in 
Figure 1.3. Lateral aggregation occurs when the protofibrils reach a length of 600-800 
nanometers. A specific nodule at the end of the fibrin monomer forms crosslinks with 
the neighbouring monomer in the presence of transglutaminase factor XIIIa. This 
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additional crosslinking is important for the mechanical properties and stability of fibrin 
clots formed.   
 
Figure 1.3: Schematic diagram of fibrin polymerization 
Fibrin has been extensively used as a method of drug delivery and as scaffold in 
tissue engineering applications as an alternative to collagen [28]. For example, bone 
morphogenetic protein 2 were found to be released faster when encapsulated in 3D 
fibrin compared to collagen gels for in vivo bone healing [29]. In tissue engineering, 
smooth muscle cells and other tissue cells exhibit lower ECM synthesis when cultured 
in collagen compared to fibrin. The synthesis of additional ECM is required to increase 
the stiffness and strength of tissue equivalents for engraftment [12]. In view of the 
difference in cell response when cultured in fibrin and collagen, we have used fibrin as 
an alternative biopolymer for the work in Chapter 4.  
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Matrigel 
 Matrigel is a heterogeneous mixture of proteins secreted by 
Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells [30]. The major components 
found in Matrigel are laminin, enactin and collagen, as shown in Table 1.1. Other 
proteins such as actin, tubulin, spectrin, dynactin, specific growth and transcription 
factors are also found to be present in Matrigel [31]. The complexity of Matrigel, 
compared to simple proteins such as collagen and fibrin, thus allowed the culturing of 
sensitive cells in vitro. A distinct example is the culturing of embryonic stem cells on 
Matrigel, in place of human feeder cells layer, to maintain self-renewal and 
pluripotency [32]. Matrigel has also been used to understand the invasion mechanism 
of cancer cells and as tissue explants [33]. 
Table 1.1: Composition of Matrigel 
Matrix Component Composition 
ECM components 
Laminin 56 % 
Collagen IV 31 % 
Entactin 8 % 
Others 5 % 
Growth factors 
bFGF 0 – 0.1 pg/mL 
EGF 0.5 – 1.3 ng/mL 
IGF-1 15.6 ng/mL 
PDGF 12 pg/mL 
NGF < 0.2 ng/mL 
TGF-β 2.3 ng/mL 
 
There are differing interests in the use of Matrigel as a 3D model for 
understanding cell behaviors. For example, Matrigel but not collagen is found to 
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maintain the differentiation capacity of muscle progenitor cells both in 2D and 3D cell 
cultures [34]. Conversely, matrices reconstituted from Matrigel do not adequately 
reflect the barrier function of the basement membrane whereas the barrier function of 
the stromal membrane can be mimicked using collagen type-I gels. This difference is 
important in studying the metastasis of ovarian, gastric and colon cancer cells within 
the peritoneal cavity [35]. As a result of these confounding conclusions drawn from the 
applications of Matrigel for cell behavior studies, we have selected Matrigel as an 
alternative biopolymer for cell studies in Chapter 4 of this work. 
 
Albeit being promising as 3D scaffold for biological applications, the complex 
chemical and physical nature of biopolymers makes it difficult to understand the 
influence of ECM on cell behaviors when the cells are embedded within these 
biopolymers. To circumvent these problems, synthetic hydrogels formed using 
synthetic inert molecules such as polyethylene glycol (PEG) have been explored. The 
advantages of using synthetic hydrogels include consistency in composition and 
predictability and ease of manipulation of properties [8]. However, synthetic hydrogels 
lack functional sites to facilitate cell-ECM interactions and precise definition of the 
physical properties that replicate biopolymers are essential [7,36]. Thus, extensive 
characterizations of naturally-occurring biopolymers are being conducted to bridge the 
gap between natural biopolymers and synthetic hydrogels to produce physiologically- 
relevant 3D scaffold for cell encapsulation [5,36]. The issues of physical properties of 
biopolymers necessary for physiologically relevant 3D scaffold will be discussed in 
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section 1.2 
In view of the lack in information to specify the chemical and physical properties 
of synthetic hydrogels for biological applications, natural biopolymers still serve as 
good 3D scaffold models for cancer studies and tissue engineering. In section 1.1.1, the 
importance of biopolymers in understanding cancer progression is highlighted. Section 
1.1.2 describes the role of biopolymers in generating functional tissues for regenerative 
medicine and tissue engineering applications. 
1.1.1 Biopolymers in cancer studies 
The tumor microenvironment is established as a major contributing factor in the 
acquisition of hallmark traits by cancer cells [37]. Through the provision of essential 
cues, the microenvironment regulates the behaviors of cancer cells such as invasion, 
seeding at metastatic niche sites and proliferation [38]. In cancer cell invasion, the 
dynamic interplay between the cancer cells and the physical microenvironment, 
through cell-cell and cell-ECM interactions, determines the progression of the invasion 
process, as shown in Figure 1.4 [39]. The interactions of the cells and ECM activate 
signaling pathways that control cytoskeleton dynamics in the cells and eventually the 
invasion capacity of the cancer cells [40].  
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Figure 1.4: Cancer cell migration strategies are determined by cell-cell and cell-ECM 
interactions [39]. 
As the ECM affects the cancer cell invasion capacity through forming a physical 
barrier, the cancer cells interact actively with this physical barrier. To elucidate the 
mechanisms involved in such alterations in vitro, physiological relevant biopolymers, 
such as collagen and fibrin, are used to grow the cancer cells in 3D cell culture [41,42]. 
The use of 3D biopolymer cell culture has elucidated the importance of generating 
traction forces through cell-ECM adhesion and degradation of local ECM through 
expression of matrix metalloproteases (MMPs) in facilitating cancer cell invasion, as 
shown in the micropatterning zone in Figure 1.5 [43-45]. The activation of these two 
mechanisms has a direct effect on the mechanical properties of the local ECM, such as 
the rheological properties. The various methods used to measure the mechanical 
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properties of the biopolymers are discussed in section 1.2.   
 
Figure 1.5: Cell-ECM interaction causes local ECM micropatterning during cell 
invasion [45]. 
1.1.2 Biopolymers in tissue engineering 
In lieu of the inherent properties of biocompatibility and resorbability, 
biopolymers play a central role in biomedical and pharmaceutical fields such as in 
tissue engineering and regenerative medicine applications. The goal of tissue 
engineering and regenerative medicine is to augment, replace or restore the functions 
of human tissues through the use of synthetic or natural components in appropriate 
environmental conditions [46]. There are generally three key aspects to consider in the 
production of constructs for tissue engineering and regenerative applications – the cells, 
the biopolymer scaffold and the cell-biopolymer interactions. The cells are the most 
critical aspect of the tissue-engineered products as essentially the cell behaviors will 
determine the functionality of the produced tissues. The cell behaviors are, in turn, 
regulated by the interaction of the cells with the biopolymer. One technique of 
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establishing control over the cell-biopolymer interaction is to define the 
microenvironment in which the cells are surrounded by. Successful microenvironments 
are often designed to mimic the microenvironments in human body from natural cell 
and tissue development [47,48].     
To generate the biomimetic micro-environments, biopolymers extracted from 
tissue ECM, such as collagen and laminin, are often used. The ECM provides a 
scaffold for cells to adhere through integrin receptors, resulting in the activation of a 
series of cell signaling pathways that regulates cell proliferation and differentiation 
[49,50]. The ECM scaffolds provide physical and mechanical forces to keep the cells 
in isometric tension state, a situation in which the cells are exerting equal force to that 
of the local microenvironment. This tension is required to prevent shortening of the 
cells through changes in intercellular architecture and eventual disruption of the tissue 
organization [51]. There are typically two kinds of forces involved in the regulation of 
this tension: intracellular and extracellular. Intracellular forces refer to the exertion of 
forces by structural protein networks inside the cells while extracellular forces refer to 
the forces exerted by the surrounding microenvironment on the cells [50].  
The precise control of the intracellular and extracellular forces facing cells will 
conceivably regulate cell-ECM interactions in tissue engineering. To elucidate the 
forces required to regulate the cell-ECM interactions, mechanical characterization of 
the ECM is essential. In the subsequent section, methods to characterize the 
mechanical properties of the biopolymers are introduced.  
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1.2 Mechanical Characterization of Biopolymers 
The distinct difference in mechanical properties of native human tissues indicates 
that the behavior of cells differ when exposed to different microenvironmental 
conditions. For example, the 5 solid organs (heart, lungs, liver, spleen and kidney) are 
composed of cells embedded in several packed, essential structures to maintain 
functionality [52] while tubular hollow organs (such as urethra, vessels, lungs and 
stomach) has been regenerated de novo using combination of cells seeded in hollow 
scaffolds [53,54]. Increasing knowledge of the ECM biology in the native human 
tissue combined with advances in biomaterials/biopolymers sciences have led to the 
development of scaffolds tailored to provide appropriate structural support and 
mechanical cues to embedded cells in biological applications [55-57]. The mechanical 
properties that are regularly considered during development of biopolymers for 
biological applications are porosity and permeability, presence of geometrical cues, 
tensile strength and compressibility, and shear strength. 
 
Porosity and permeability 
Porosity determines the ease of diffusion of nutrients into and waste products out 
of the local biopolymers environment, which are important for cell maintenance [58]. 
Specifically for tissue regeneration, highly porous biopolymers are desirable for 
vascularization and delivering sufficient cell mass for tissue repairs [59]. The minimal 
pore size required for biopolymers in tissue engineering applications is often defined as 
the suspension diameter of the cells to be embedded. If the pore size is too small, cells 
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are unable to migrate into the internal of the biopolymer scaffold. Conversely, the 
maximum pore size is determined by the minimum surface area required for cell 
attachment and growth. A biopolymer scaffold with too large pore size has limited 
specific surface area for cell attachment [60]. Multiple studies have been carried out to 
elucidate the effect of implant pore size on tissue regeneration. For example, optimum 
pore size for neovascularization is 5 µm, fibroblast ingrowth is 5-15 µm, regeneration 
of adult mammalian skin is 20-125 µm and regeneration of bone is 100-350 µm 
[61-63]. The pore size of scaffold used in implantation to heal tissue defects has also 
been found to direct the time required for wound closure and organization of the 
secreted stromal ECM [64]. 
In in vitro studies, pore size has been shown to affect multiple cell behaviors. 
Mesenchymal stem cells (MSC) cultured on collagen with large pores > 100 µm are 
found to be flattened and spread out on the walls of the scaffold. Conversely, MSC 
embedded in collagen-glycosaminoglycan scaffold (pore size < 50 µm) attach to the 
surrounding scaffold in 3D and exhibit differentiation [65]. Optimum cell proliferation 
and infiltration are observed when preosteoblastic cell line, MC3T3-E1, is cultured in 
collagen-glycosaminoglycan scaffold with mean pore size greater than 300 µm [66]. 
Various equipment and imaging techniques can be used to quantify porosity of the 
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Table 1.2: Techniques to measure pore size and porosity. 
Technique Methodology 
Gravimetric Using the bulk and true density (ρ) of the biopolymer. 




Mercury Porosimetry Infusing the biopolymer scaffold with mercury at 
increasing pressures. 
Smaller pores have higher tension forces compared to 
big pores, thus requiring higher pressure to fill. 
Liquid Displacement Infusing the biopolymer scaffold with a displacement 
liquid that is not a solvent of the polymer using series 
of evacuation-repressurization cycles. 
SEM Analysis Analyzing SEM images of thin slices of biopolymer 




Using detector array to capture emerging X-rays from 
the biopolymer and generation of 2D maps using the 
calculated X-rays path and attenuation coefficients. 
3D images are subsequently generated using 3D 
modeling program, such as Anatomics. 
Capillary flow 
porometry 
Flowing a non-reacting gas through the biopolymer 
scaffold, either dry or coated with a liquid with 
known tension forces. 
 
Another important consideration related to porosity is the permeability, continuity 
of the pores within the biopolymer scaffold. The interconnectedness of pores is 
essential for transport of nutrients and waste, and serve as structural guidance for cell 
migration. Cell death and necrosis will occur for cells embedded in biopolymer 
structure with low oxygen supply [67].  
 
Geometrical cues 
Geometrical cues play an important role in tissue engineering as it influences 
multiple cell behaviors, such as differentiation, vascularization and migration, through 
dynamic cell-ECM interactions. The engineered scaffolds for tissue engineering 
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applications are usually designed according to the natural tissue structure, as shown in 
Figure 1.6 [68]. Geometrically defined cords of endothelial cells that encase a collagen 
core developed in vitro was found to act as a template for the guided formation of 
patterned capillaries that are integrated with the host tissue after implantation [69]. 
Osteogenesis using bone morphogenic protein (BMP) coated carriers was found in 
porous scaffolds and blocks of hydroxyapatite with honeycomb structures, but not 
fibrous glass membranes [70].  
 
Figure 1.6: Different organs have different cell-ECM interactions, requiring the 
engineering of scaffolds with different geometrical cues. 
The design of the geometry of the 3D scaffold has a direct implication on the pore 
size [71]. In view of the importance of these two factors of the biopolymer structures 
on cell behaviors, various methods have been used to design and manufacture 
“designer” scaffold. In the design phase, imaging and designing techniques such as 
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computational topology design (CTD) and computer-aided design (CAD) are used. 
Specialized methods used in manufacturing of scaffold with defined architecture are 
solid free-form fabrication (SFF) [72] and more recently 3D printing [73]. Three 
dimensional organ printing is a promising and emerging paradigm which employs 
developmental biology-inspired principles of directed tissue self-assembly to generate 
the engineered organ, as shown in the roadmap of Figure 1.7 [74].   
 
Figure 1.7: Roadmap of organ engineering using 3D printing technology [74].   
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Tensile strength and compressibility 
Stress is the internal resistance of a material due to an externally applied load. 
Three basic types of stress commonly encountered by soft tissues are tension, 
compression and shearing [75]. Tension is produced by forces exerted on the same 
plane but away from each other, compression is produced by forces exerted on the 
same plane and towards each other and shear is produced by forces exerted on two 
different parallel planes towards each other, as illustrated in Figure 1.8. These three 
stresses are important in characterizing osteoporotic bone quality, particularly in 
determining risk of fractures [76]. Controlled application of stresses and strains to 
blood vessels, heart valves and cardiac tissue are also important to understand the 
biomechanical role each of these tissues have on the cardiac cycle [77].  
  
 
Figure 1.8: Three basic stress encountered by soft tissues [75]. 
The tensile and compressive strength of human tissues and biopolymers are tested 
using tensile and compression tests. In tensile and compression tests, increasing force 
(F) is exerted on the material of interest and the absolute value of shortening or 
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extension (∆𝑙 ) determined. The stress-strain curve, as shown in Figure 1.9, is 
subsequently plotted by calculating stress, σ, experienced by the material using the 
equation: 𝜎 =  
𝐹𝑜𝑟𝑐𝑒
𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎 𝑡𝑜 𝑤ℎ𝑖𝑐ℎ 𝐹𝑜𝑟𝑐𝑒 𝑖𝑠 𝐴𝑝𝑝𝑙𝑖𝑒𝑑
 and the strain ε by 𝜀 =
∆𝑙
𝑙
. Up to the 
yield strength, the material recovers to its original length when the force is removed 
(elastic region). The limit of proportionality defines the stress where the extension or 
shortening of the material is no longer directly proportional to the exerted force. After 
the yield strength, the material enters the plastic deformation region where permanent 
deformation of the material is observed even after removal of the force. For example, 
the permanent deformation is characterized by the difference between initial point zero 
and point B when the material is stressed to point A. After the fracture point, the 
integrity of the material is completely disrupted. Differences in the shape and limits of 
the stress-strain curve will determine whether the material under test is ductile, brittle, 
elastic or plastic as shown in Figure 1.10. Another parameter that is used to 
characterize the tensile and compressive strength of the material is Young’s modulus, 
calculated as 𝐸 =  
𝑠𝑡𝑟𝑒𝑠𝑠
𝑠𝑡𝑟𝑎𝑖𝑛
, and is calculated within the limit of proportionality. These 
parameters are commonly used in characterizing biopolymer scaffolds for tissue 
engineering applications.  
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Figure 1.9: Stress-strain curve of soft tissues or biopolymers under typical tensile or 
compressive tests. 
 
Figure 1.10: Materials are defined as brittle, ductile, elastic and plastic based on the 
stress-strain curve 
An understanding of the tensile strength and compression limits of soft tissues is 
important in the designing of scaffold implants for tissue engineering. The tensile 
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elastic modulus (E), as shown in Figure 1.11, of the human soft tissues is often used as 
a benchmark in scaffold design to ensure the scaffold grafts are mechanically strong to 
maintain their structure and integrity for predictable times, even under load bearing 
conditions. For example, in bone tissue engineering, currently available porous 
composite scaffolds (mixture of biopolymers with glass or ceramics) are found to be 
too weak to replace the bone in vivo. The mechanical integrity of man-made porous 
composite scaffolds are one and two orders of magnitude weaker in compressive 
strength compared to cancellous and cortical bone, respectively. The porous composite 
scaffold has to increase one order of magnitude in terms of tensile strength to match 
human cortical bone, as presented in Figure 1.12 [78]. In myocardium and heart valve 
tissue engineering, the low flexural stiffness (low stiffness under bending tests) 
requirements has led to extensive use of scaffold composed of fibers to design suitable 
cardiac patch for infarcted myocardium and cardiovascular tissue [79,80].  
 
Figure 1.11: Scale of soft tissue elasticity ranging from the softest (brain) to the stiffest 
(bone) [81]. 
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Figure 1.12: Tensile elastic modulus against compressive strength of scaffold materials 
and human bones [78]. 
Once the scaffold is produced and implanted, formation of tissues with desirable 
properties in vivo relies on the tensile strength and compression ability of the scaffold 
on both the macroscopic and microscopic level. Macroscopically, the scaffold must 
bear substantial external load, without reaching fracture limit, to provide stability to the 
tissue as it forms and at the same time maintain a sizable volume [82]. On the 
microscopic level, the mechanical inputs from the surrounding ECM have an influence 
on multiple cell behaviors. The scaffold must thus be able to withstand specific loads 
generated from cell traction and transmit them in an appropriate manner to the 
surrounding cells and tissues [83]. For example, bone pulmonary artery smooth muscle 
cells, human mesenchymal stem cells and Lewis lung carcinoma cells are found to 
generate traction forces on the surrounding biopolymers, with elastic moduli 
replicative of tissues, in order for invasion to occur, as seen in Figure 1.13 [84]. The 
traction force of the cell can be measured using micro-pillar arrays [85]. Mechanical 
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integrity of the impregnated scaffold is also maintained by the interdependence of 
cell-cell and cell-ECM forces [86]. A typical strategy in cell therapy involves 
impregnating stem cells into biopolymers scaffold with defined mechanical cues to 
induce specific differentiation, before implantation [87,88]. For example, biopolymer 
scaffolds that can sustain high traction forces are required to induce osteogenic 
differentiation in stem cells [89]. To measure the cell-ECM mechanics changes around 
impregnated cells in 3D biopolymer scaffold, which is the intention of Chapter 3 in this 
thesis, the micro-pillar array cannot be used. An alternative method is to use 
particle-tracking, which will be further elaborated in section 1.2.2. 
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Figure 1.13: Cells generate traction forces at the tip of cell extension to facilitate 
invasion [84]. 
To achieve the desired tensile strength and compressibility in the biopolymer 
scaffolds, crosslinker characteristics, gelling conditions such as the temperature and pH, 
swelling ratio and degradation are varied [90]. As human ligaments from different 
body parts are found to have different tensile strength due to variation in abundance of 
crosslinkers [91], efforts are in place to understand the importance of chemical and 
physical crosslinkers processes on tensile strength of biopolymer scaffolds [92]. The 
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effect of temperature, pH, ionic strength and composition on fibrin and collagen 
network structure has been studied in order to design the biopolymer scaffold to the 
desired biological applications [93,94].  
 
Shear strength  
As mentioned in previous section, shear strength is the ability of a material to 
resist forces that can cause the internal structure of the material to slide against each 
other. When a material fails under shear force, the sliding failure is parallel to the 
direction of the force. The understanding of shear forces on human tissues is important 
in various biological applications. For example, the maximum shear stress and shear 
strain that human brains can withstand before failure is important in preventing head 
injury resulting from rotation of the brain in the cranial cavity [95]. Thoracic organs 
such as stomach and mediastinum are frequently subjected to impacts, an 
understanding of the response of these organs under shear forces will be important in 
designing of tissue engineered constructs [96]. The constant shear force by blood flow 
on endothelial cells that line the blood vessels (as shown in Figure 1.14) is important 
for angiogenesis, vascular remodeling and pathogenesis [97]. Defects in the 
mechanotransduction of shear stress on the blood vessels are suggested to promote 
vascular diseases, such as hypertension (high blood pressure), atherosclerosis 
(thickening and hardening of blood vessel walls) and thrombosis (formation of blood 
clots) [98]. 
Chapter 1: Introduction 
 26 
 
Figure 1.14: Shear force on endothelial cells lining blood vessels [97] 
Shear strength of a tissue or biopolymer scaffold is typically measured using 
rheological techniques. Rheology, a field in mechanics, is a study of the deformation 
and flow of matter that exhibits non-Newtonian behavior. Non-Newtonian matters, 
such as the ECM of human tissues, change their viscosity with strain rate.   
Rheological properties of the ECM are known to affect a myriad of cell behaviors, 
for example cell shape, proliferation, motility and differentiation. The dysregulation of 
cell-ECM signaling from an alteration in rheological properties of the ECM may 
contribute to many diseases, including developmental, immune, degenerative and 
malignant disorders [99]. In order to study the effect of ECM rheological properties on 
cell behaviors in vitro, biopolymers with tunable properties have been used to provide 
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the 3D microenvironment for cell culturing. One tool that has been used commonly to 
characterize the rheological properties of the biopolymers and ECM is the rheometer, 
ie macrorheology. However as with the ECM, these biopolymers are inherently 
heterogeneous and exhibited microstructures with different length scales. In order to 
study the effect of these heterogeneity and microstructures on rheological properties of 
the biopolymers, microrheology techniques have been adopted. 
In section 1.2.1, the applications of macrorheology in characterizing biopolymers 
for biomedical purposes are highlighted. The various techniques in microrheology will 
be discussed section 1.2.2.     
1.2.1 Macrorheology 
The concept of elasticity has been studied since the 17th century when British 
physician Robert Hooke introduced the concept of Hooke’s law. The law states that the 
extension or compression of a spring is directly proportional to the force exerted on the 
spring, as long as the force does not exceed the elastic limits. The modern version of 
the Hooke’s law considers any elastic material as a spring whereby the extension or 
compression (strain) γ is directly proportional to the applied force (stress), 𝜎 = 𝐺′𝛾, 
and the constant of proportionality 𝐺′ is a measure of the material’s elasticity. 
 In the 19th century, physicians such as Maxwell, Boltzmann and Kelvin, noticed 
that materials may exhibit phenomenon more than just the concept of Hooke’s law. In 
particular, they realized that common materials such as glasses, metals and silks 
exhibited time-dependent elastic response [100], also termed viscoelastic materials. 
Viscoelastic materials are substances that exhibit both elastic and viscous 
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characteristics and thus display time-dependent stress-strain relationships, such as 
creep (strain increases with time as stress is held constant) and stress relaxation (stress 
decreases with time as strain is held constant). Biopolymers, such as collagen, fibrin 
and matrigel, are examples of viscoelastic materials.   
 To elucidate the relative contributions of the elastic and viscous components at 
various time frames (ie frequency-dependent response) for viscoelastic materials, the 
rheology technique using rheometer is established. In rheometry, the most common 
external strain applied on the material is in the form of a pure sinusoid 
 𝛾(𝑡) = 𝛾𝑜sin (𝜔𝑡) (1) 
where ω is the frequency of oscillations and 𝛾𝑜 the maximum strain amplitude.  
The resulting stress from such strain imposition will be in the form of  
 𝜎(𝑡) = 𝜎𝑜sin (𝜔𝑡 + 𝛿) (2) 
where 𝜎𝑜 is the maximum stress amplitude and δ is the phase-angle between stress 
and strain.   
The resultant stress is subsequently analyzed by decomposing into two waves, 
in-phase and 90o out-of-phase with the strain:  
 𝜎(𝑡) = 𝜎′(𝑡) + 𝜎′′(𝑡) = 𝜎𝑜
′ sin(𝜔𝑡) + 𝜎𝑜
′′cos (𝜔𝑡) (3) 
The relative contributions of the elastic and viscous components are then defined 









 Rheometry has been extensively used to provide empirical measurements of how 
biopolymers deform under stress and to provide explanation for the rheological 
behaviors observed through the microstructures of the biopolymers. For example, the 
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actin, intermediate filaments and microtubules network have distinct rheological 
properties that affect multiple cell processes such as motility and division [101]. 
Another example is the recognition that soft tissues maintained a specific range of 
rheological properties depending on its function, development and tissue-type. Fibrotic 
liver is found to be three times stiffer than normal, healthy liver and this characteristic 
is useful for isolating areas for surgical removal [102]. The microstructure of collagen 
has also been elucidated using rheometry, enabling the intrinsic design of 
collagen-mediated scaffold for tissue engineering and regeneration [103].  
 Albeit macrorheology plays an important role by allowing a more comprehensive 
understanding of diseases and native tissues, the long measurement length-scale of 
centimeters has impeded its use in elucidating the effect of inherent heterogeneity on 
biopolymers. Microrheological techniques, with measurement length-scale of 
micrometers, have thus been developed to characterize the rheological properties of 
microstructures in biopolymers with inherent heterogeneity.  
1.2.2 Microrheology 
Microrheology is a method to study the rheological properties of small volume 
samples via measuring the trajectory of a probe particle. Considering an embedded or 
endogenous particle in a material under thermal equilibrium, the collisions of the 
particle with the surrounding molecules of the material give rise to Brownian motions. 
In microrheological techniques, the Brownian motions of the probe particles are 
tracked and quantified in terms of the mean-squared displacements (MSD) 
Chapter 1: Introduction 
 30 
 < ∆𝑟2(𝜏) >=< (𝑟(𝑡 + 𝜏) − 𝑟(𝑡))2 >𝑡 (4) 
where 𝑟(𝑡) is the probe position, τ is the time lag and <  >𝑡 denotes averaging over 
all time 𝑡. For a spherical probe of radius α diffusing in a purely viscous medium, the 
probe’s MSD is related to the diffusion coefficient 𝐷 via the diffusion equation 
 < ∆𝑟2(𝜏) >= 2𝑛𝐷𝜏 (5) 
where 𝑛 indicates dimensionality. The material viscosity 𝑣 is related to diffusion 





As mentioned earlier in the chapter, biopolymers are viscoelastic and the MSD of 
probes in these biopolymers do not vary linearly with τ. Frequency-dependent moduli 
are thus required to describe the rheological response. The generalized Stokes-Einstein 
relation (GSER), relating the MSD of the probe to the frequency dependent shear 
modulus of the viscoelastic biopolymer has thus been derived using the previous 2 
equations 




where ?̃?(𝑠)  and 𝑠  is the Laplace-transformed shear modulus and frequency 
respectively [104]. The comparable Fourier transformed quantities are  




As the dynamic range of time for the discrete time-domain MSD is limited to a 
few decades in conventional image-based measurements and numerical calculation in 
the Laplace and Fourier domain can cause substantial errors in the calculation 
of G′′(𝜔), particularly at the frequency extreme, an alternative method using local 
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power law expansion of < ∆𝑟2(𝜏) > has thus been developed [105]. The < ∆𝑟2(𝜏) > 
is first expanded locally around the frequency 𝜔 of interest using power law and by 
keeping the leading term  
 < ∆𝑟2(𝜏) >≈< ∆𝑟2(1 𝜔⁄ ) > (𝜔𝑡)𝛼 (9) 
where < ∆𝑟2(1 𝜔⁄ ) > is the MSD at 𝜏 = 1 𝜔⁄  and  
 
𝛼(𝜔) =





describes the local logarithmic slope of < ∆𝑟2(𝜏) > at 𝜏 = 1 𝜔⁄ . For passive probe in 
microrheological technique, the 𝛼 value must lie between 0 and 1, corresponding to 
the probe being embedded in Newtonian fluid (viscous stress is proportional to strain 
rate) or Hookean solid (elastic stress is proportional to strain) respectively. The 




3𝜋𝑎 < ∆𝑟2(1 𝜔⁄ ) > Г[1 + 𝛼(𝜔)] 
 (11) 
where Г denotes gamma function and  
 𝐺′(𝜔) = 𝐺(𝜔) cos(𝜋𝛼(𝜔) 2⁄ ) (12) 
 𝐺′′(𝜔) = 𝐺(𝜔)sin (𝜋𝛼(𝜔) 2⁄ ) (13) 
The typical steps involved in a microrheological measurement data analysis is 
presented in Figure 1.15. 
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Figure 1.15: Schematic illustration of workflow for microrheology measurement 
The techniques of microrheology methods are categorized into light scattering 
(dynamic light scattering (DLS) and diffusing wave spectroscopy (DWS)) and real 
space tracking techniques (particle-tracking (PTM) and quadrant photodiode 
measurements using optical traps (QPD) and atomic force microscopy (AFM)) 
[106,107]. A brief elaboration, benefits and limitations of each technique is presented 
in Table 1.3. 
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Table 1.3: Summary of various microrheological techniques 
Technique Elaboration Benefits Limitations 
DLS Measurement of scattered 
light’s time-correlation 
function of an embedded 
probe particle 
High frequency Limited to transparent 
samples 
 
Unable to resolve spatial 
heterogeneity 
DWS Study the dynamics of 
scattered light in the limit 
of strong multiple 
scattering 
Measurement with opaque 
samples 
 
High frequency and good 
spatial resolution 
Large sample size 
required 
 
Unable to resolve spatial 
heterogeneity 
PTM Visually tracking the 
trajectories of probe 
particles 
Able to resolve spatial 
heterogeneity 
 
Good spatial resolution 
 
Good statistics possible with 
long video time 
Frame rate of camera 
limits frequency 
 
Extensive data analysis 
 
Highly dependent on 
interactions between 
probe particles and 
biomaterials 
QPD  Interference pattern from 
scattered laser on probe 
particle is detected by the 
QPD 
Able to resolve spatial 
heterogeneity 
 
High frequency  
An extra step to calibrate 
output voltages from 
QPD 
 
Require optical tweezer 
setup to limit maximum 
particle displacement  
AFM Measurement of tip 
deflection using laser 
when placed in contact 
with a surface 
Able to measurement high 
stiffness biomaterials 
 
Able to resolve spatial 
heterogeneity 
 
Adhesive forces between 




Limited by tip geometry  
These microrheological techniques have revealed fascinating insights into the 
material properties of the cells, its constituent components and the ECM [108,109]. For 
example, adherent cells are found to have biphasic mechanical architecture with stiff 
stress fibers interdigitating in the cell cortex and a soft actin meshwork in the cell body 
[110]. Secondly, clinical importance of microrheology studies is clearly illustrated with 
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the understanding of the disease laminopathies. A loss of the LINC complex, functional 
links between the cytoskeleton and nucleus, resulted in cytoplasmic fragility as 
measured using PTM [111]. 
As cell and tissue mechanics play an important role in basic cell biologic studies, 
the application of micro- and macrorheology will help to develop a unified model for 
understanding the importance of specific structural elements to form the soft but 
durable and adaptable materials found in biopolymers. The results will potentially be 
useful for tissue engineering, artificial organ development and many other applications 
in biomedical field.  
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1.3 Scope and Structure of the Thesis 
This work is a combination of projects that helps to elucidate the rheological and 
microstructural properties of biopolymer, in particular collagen, using micro- and 
macrorheology. In chapter 2, metrics beyond the standard single-harmonic analysis is 
used to uncover the rich mechanical properties of collagen and the nonlinear behaviors 
under shear straining were further analyzed using a compact, constitutive model. In 
chapter 3, covalently-bound instead of conventional carboxylated probes were used to 
measure the local network mechanics of biopolymers to overcome the problems 
associated with standard PTM and two direct applications of the method are introduced. 
In chapter 4, the method established in the previous chapter was used to facilitate the 
elucidation of mechanisms involved in invasion of chemoresistance glioma cells. In 
chapter 5, a summary of this thesis and areas that need to be addressed in future work 
were discussed.
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Chapter 2: Macromechanics of Collagen  
2.1 Introduction 
Human tissues have complex hierarchical structure ranging from molecular 
protein scales to macroscopic tissue scales, such as the tendon shown in Figure 2.1 
[112-114]. The distinctive structure enables the tissues to face special in vivo functional 
requirements, such as transmission of force and prevention of breakdown, through 
adaptive and dynamic internal adjustments [115-118]. For example, the nonlinear 
viscoelastic property (as elaborated in section 1.2.1) of tendon, a result of its complex 
hierarchical structure, enables the tendon to damp sudden stress transmitted to muscles 
and adapt progressively to varying external mechanical stimuli [114]. The originality 
of the nonlinear behavior has been accrued to microstructural rearrangements within 
the deformed tendon: initial undulation of wavy collagen fibers and fibrils followed by 
concerted stretching of the fibers when subjected to increasing load [119]. Therefore, 
to generate physiologically-relevant artificial tissue scaffolds for implantation, the 
biopolymers considered in tissue engineering applications have to exhibit such 
hierarchy in microstructure deformations.  
The generation of physiologically-relevant scaffold with biomechanical functional 
property involves translating the mechanical behavior observed in in vivo tissue to the 
design and structure of the scaffold ex vivo. In human tissues, collagen is found to be 
the prime structural component and its complex hierarchical structures provides the 
tissue with the required mechanical stability, elasticity and strength, as shown in Figure 
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2.2 [23,120-122]. In view of its abundance and importance, collagen has been 
extensively used as a biopolymer scaffold in tissue engineering applications. However, 
as mentioned in Chapter 1, the use of collagen is restricted unless its mechanical 
properties are well-characterized and further engineered to suit the broad biological 
applications. Therefore, thorough characterization of collagen behavior under stress is 
imminent, particularly in elucidating the role of its hierarchical structure in dampening 
and relieving of external mechanical stimuli. Macrorheology, introduced in section 
1.2.1, can be used to mimic the large-scale bodily movements experienced by collagen 
in vivo. 
 
Figure 2.1: Complex hierarchical structure of tendon [114]  
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Figure 2.2: Main characteristics of the four most common collagen types [122] 
2.1.1 Macrorheology characterization of collagen  
A hallmark of collagen is its nonlinear viscoelastic behavior under shear loading 
due to microstructure adjustments and deformations [123-126]. The change in 
microstructure of collagen due to mechanical shearing can occur over a large range of 
length scales, ranging from nanometers, deformations involving collagen tropocollagen 
and fibrils [23,127-132], to micrometers, deformations involving collagen fibers 
[126,133-135], as illustrated in Figure 2.3. For example, collagen fiber networks 
exhibit strain-stiffening behavior due to stretching of the individual fibers 
[123,126,136]. Till date, collagen networks have primarily been characterized at the 
macroscopic scale (collagen fibers and beyond) without explicitly understanding the 
mechanical contributions of microstructures at the meso- and microscale to the overall 
network mechanics. Understanding the contribution of these lower levels are critical in 
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the development of fundamental models for collagenous tissue and potentially in 
engineering of collagen scaffolds for regenerative medicine and tissue engineering 
applications.  
 
Figure 2.3: Mechanical contributions of lower-level microstructures in collagen to 
overall network behavior under shear loading [137] 
In order to elucidate the contribution of these lower-level microstructural 
deformations to the overall network stress when subjected to shear loading, 
computational models have been developed. 
2.1.2 Biomechanical modeling of collagen    
The computational models used in modeling of collagen are linear elastic model, 
hyperelastic model and viscoelastic model [138]. In this section, we will first briefly 
introduce each of these computational methods, followed by presenting the 
development of the nonlinear viscoelastic (NVS) model which is applied in the 
biomechanical characterization of collagen in the later part of this chapter. 
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Linear elastic model 
The most traditional and simplest model used in the characterization of collagen 
and soft tissues is Hooke’s linear elastic model for solid materials. This model has been 
introduced in section 1.2.1. At low strain, the collagen fibrils are found to behave 
mainly like a Hookean solid [139]. This model is applicable to various rheology testing 
methods and geometries, consequently the shear stiffness of collagen can be expressed 
by the elastic modulus  𝐺′ . However, this simple model is limited to only 
one-dimensional geometry and it assumes that the collagen is purely elastic and 
isotropic. The Hooke’s linear elastic model is thus unable to model the stress-strain 
behavior of collagen when subjected to higher strains and collagen’s time-dependent 
viscoelastic nature. More sophisticated models are introduced to characterize the 
complex collagen stress-strain behaviors. 
Hyperelastic model 
Collagen, having nonlinear stress-strain relationship when subjected to larger 
deformations, is known as hyperelastic material. Several hyperelastic models have 
been developed to characterize such nonlinear behavior, such as non-Hookean, 
Arruda-Boyce, Mooney-Rivlin and Ogden model [103,140-142]. Hyperelastic model 
has been used in the characterization of the nonlinear elastic response of wavy collagen 
fibrils [143,144]. Although the hyperelastic models are accurate in characterizing 
certain nonlinear behavior of the microstructures in collagen, they require substantial 
computational power [145]. In addition, the hyperelastic models do not have a time 
component to characterize the time-dependent behaviors, such as creep, 
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stress-relaxation and hysteresis, which are observed in collagen.  
Viscoelastic model 
Using a combination of mechanical components such as springs and dashpots to 
model materials undergoing strain, three typical viscoelastic models have been 
generated. In these spring-dashpot models, the springs act as restorative force 
component (ie model elastic contribution) and the dashpots act as damping component 
(ie model viscous contribution and provide the NVS model with a time component). 
The three viscoelastic models, Maxwell, Voigt and Standard Linear Solid, are shown in 
Figure 2.4. 
 
Figure 2.4: Nonlinear viscoelastic models: (a) Maxwell, (b) Voigt and (c) Standard 
Linear Solid, E and ƞ represent spring constant and damping coefficient respectively. 
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The constitutive equation for the spring component is similar to that of Hookean 




where 𝜎, 𝐸, 𝜀, ƞ and t represent stress, spring constant, strain, damping coefficient and 
time respectively. In the Maxwell model, both the spring and the dashpot will 
experience the same stress but different strain. The change in overall strain with 











. As the Maxwell models strain as a 
linear function of time, it cannot be used to characterize creep behavior (permanent 
deformation under prolonged mechanical stress). 
In the Voigt model, both the spring and the dashpot are deformed to the same strain 
but the overall stress is given by the addition of stresses experienced by each 




The Voigt model is inadequate in predicting stress-relaxation behavior.  
To predict the creep and stress-relaxation behaviors, the simplest NVS model used 
is the Standard Linear Solid (SLS) model. The SLS model is composed of a spring in 
parallel connection with a Maxwell model. Using similar derivation and boundary 
conditions as the Maxwell and Voigt models, the governing equation for the most basic 













. Although solving the SLS model to 
characterize nonlinear stress-strain behaviors is relatively straightforward, the most 
basic form of the SLS model is unable to model complex phenomena. Current method 
of extending the model to characterize these complex phenomena is through the 
inclusion of additional components, such as in the Maxwell–Wiechert model [146]. 
However, complications arise when multiple additional components are required to 
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properly characterize the material’s mechanics. 
A new generalized model, known as the nonlinear viscoelastic (NVS) model, has 
been developed to characterize complex phenomena, which still uses the compact, 
standard SLS model, but with generalized components [147]. The NVS model uses 
mathematical functions, apart from linear function as typically used in basic SLS 
model, to form the constitutive equations for the three components. The model is able 
to characterize the behaviors of mammalian stomach and cardiac muscle tissues under 
cyclic loading. The adoption of this model, for the work in this chapter, will be further 
elaborated in section 2.4.4.    
The three methods introduced have been extensively used in characterizing 
biomechanical behaviors of collagen and collagenous tissues. However, the parameters 
used in these models have not been associated to physical deformations, particularly 
microstructural changes. To develop a fundamental and quantitative understanding of 
collagen mechanics, it is thus critical to further develop the models where the 
parameters can be related to physical deformation mechanisms.  
 
In this chapter, we first investigated the nonlinear mechanics response of 
self-assembled collagen networks under oscillatory shear over a broad range of strain 
amplitude. By analyzing the response at low shear strain, we find an overall softening 
of the entire collagen network in the regime commonly assumed to be linear. We 
further found that the distinct nonlinear strain behaviors with increasing strain loading 
can be explained by a hierarchy in microstructural deformations. In order to quantify 
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the contribution of the hierarchy in microstructural deformations on the overall strain 
behavior, the deformation response at increasing strain loading is analyzed with the 
NVS model. We showed that, by comparison with collagen in presence of external 
cross-linkers, the microstructural deformation at different shear strain amplitude can be 
elucidated using the NVS model.  
2.2 Results and Discussion 
2.2.1 Collagen network microstructure 
Mechanical shearing can result in microstructural alteration of the collagen 
network over a large range of length scales, ranging from nanometers, deformations 
involving collagen tropocollagen and fibrils [132,148], to micrometers, deformations 
involving collagen fibers [134,135]. We found that the density of collagen fibers, 
formed under the condition specified for mechanical rheometry, increased with 
collagen concentrations as presented in Figure 2.5. The difference in density of 
collagen fibers is expected to affect the rheological properties measured using the 
rheometer. 
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Figure 2.5: Confocal reflectance microscopy images of (a) 1.5 mg/ml, (b) 3.5 mg/ml, 
(c) 5.5 mg/ml and (d) 7.5 mg/ml collagen gels formed at 37oC. Scale bar = 10 µm 
2.2.2 Rheology of collagen networks 
Type I rat tail collagen gels with a range of concentrations (c = 1.5 – 7.5 mg/ml) 
are polymerized in situ between the parallel plates of a rheometer, where the 
neutralized precursor solutions formed isotropic networks upon heating to 37oC. Figure 
2.6 showed that the collagen networks exhibited highly strain-dependent mechanical 
response over four orders of shear strain amplitude γ with three distinct regimes; 
linear viscoelastic, strain-stiffening and network rupture. 
Chapter 2: Macromechanics of Collagen 
 46 
 
Figure 2.6: The mechanics of collagen networks for different collagen concentrations, 
c = 1.5–7.5 mg/ml, in response to oscillatory shear deformations. The shear stress τ in 
(a) and the storage modulus G' in (b) are shown as a function of the strain amplitude γ. 
(c) The collagen network exhibited strain-dependent mechanical response with three 
distinct regimes. (d) The modulus 𝐺′, obtained at 𝛾 = 10%, scaled at an exponent of 
1.9 with concentrations. 
In the first regime, the network stress 𝜏 increased roughly linearly with γ at small 
strains, in what was typically termed the “linear viscoelastic” regime (regime 1 in 
Figure 2.6a). The second regime occurred when the slope of the 𝜏 versus γ curve 
increased noticeably and 𝐺′(𝛾) increased with γ beyond a critical strain  γ𝑐 (regime 
2 in Figure 2.6a) indicating strain-stiffening. The third regime is observed when 𝜏 
dropped drastically at large strains, i.e. after 𝛾𝑟, indicating network rupture (region 3 in 
Figure 2.6a). Interestingly, strain-stiffening became less pronounced as 𝑐 increases 
and did not occur for higher values of 𝑐 beyond the highest shown here (𝑐 = 7.5 
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mg/ml). The physical mechanism behind such a nonlinear mechanical behavior of 
collagen networks is still poorly understood, although simultaneous network 
deformation and imaging have been adopted to elucidate microstructural basis of the 
network rearrangement during the deformation [126].  
One key rheological property that may be used to explain the deformation 
mechanisms is the phase angle δ, which is related to 𝐺′  and 𝐺′′  via the 
equation  tan 𝛿 = 𝐺′′ 𝐺′⁄ . The phase angle δ is a measure of extent of energy dissipated 
relative to stored. A change in δ as a function of  𝛾0 thus reflects a change in 
microstructural deformations that lead to strain-stiffening or softening in both elastic 
and viscous contributions. The evolution of δ as a function of increasing 𝛾0during the 
strain-sweep measurements of collagen at 3.5 mg/ml is shown in Figure 2.7. In the 
linear viscoelastic regime ( 𝛾0 < 𝛾𝑐 ≈ 20% ), δ remained relatively constant at 
approximately 9o, followed by a drastic drop from 9o to 6o in the strain-stiffening 
region (𝛾𝑐 < 𝛾0 < 𝛾𝑟 ≈ 75%). Beyond 𝛾𝑟 , δ increased sharply, consistent with our 
supposition of network rupture and reflected the increasingly liquid-like behavior of 
the network. Another noteworthy observation from Figure 2.7b is that 𝐺′ decreased 
from 27 Pa at  𝛾0 = 1% to 18 Pa at  𝛾0 = 20%, indicating strain-softening. This 
strain-softening of the network within the linear viscoelastic regime was unexpected 
and we found that such softening was only reported rarely in the literature [149,150].  
The constant δ value within the strain-softening regime suggested that the overall 
network topology, as measured by the viscoelastic properties, was not significantly 
altered. To elucidate the deformation mechanism involved within this regime, we 
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performed cyclic loading on the collagen as shown in Figure 2.8. First, 𝛾0  was 
logarithmically increased from 1 to 15% and then decreased back to 1% (Figure 2.8, 
Panel 1). As 𝛾𝑐 ≈ 20% (from Figure 2.7), only strain-softening behavior was expected. 
Measurements from the cyclic loading experiment within the strain-softening regime 
showed a slight irreversibility in the shear moduli  𝐺′  and  𝐺′′ , but δ remained 
unchanged. Based on these observations, we hypothesized that the strain-softening 
behavior observed for 𝛾0 < 𝛾𝑐 could result from a redistribution of internal stresses 
through progressive slip and breaking of the physical crosslinks in the network 
[151,152]. Münster et al. found that sliding of fibrils resulting in lengthening of fiber 
was the main deformation mechanism when collagen networks were sheared [152]. In 
order for sliding of fibrils to occur, the inter-fibrils ionic interactions, termed slip 
pulses by [23], must be broken [124]. Indeed, addition of permanent chemical 
cross-linkers in the network diminished the strain-softening effects, as observed in 
Figure 2.9, due to a reduction in the degree of freedom of entanglement points within 
the network and consequently reduced the slippage and breaking of physical 
crosslinks.  
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Figure 2.7: Rheological response of 3.5 mg/ml collagen network under oscillatory 
shear with varying strain amplitude 𝛾0. (a) The stress  , (b) the storage 'G  (filled 
circles) and loss "G  (open circles) moduli, and (c) the phase angle   are plotted 
against  𝛾0 . The measurement was made at 37°C and   of 1 rad/s, with 
logarithmically increasing 𝛾0. 
 
Figure 2.8: Reversibility of the network under oscillatory shear rheology. Normalized 
shear moduli, 𝐺′ 𝐺0
′⁄  (a-c) and 𝐺′′ 𝐺0
′′⁄  (d-f), and the phase angle 𝛿 (g-i) are plotted 
against strain amplitude 𝛾0. Strain was initially increased logarithmically (filled circles) 
to a maximum 𝛾0, as indicated by the solid arrows, and was then decreased back (open 
circles) to the minimum  𝛾0  of 1%, as indicated by the dashed arrows. The 
maximum 𝛾0 is specified at 15% (Panel 1), 60% (Panel 2), and 105% (Panel 3). All 
measurements were done at 𝜔 of 1 rad/s. 𝐺0
′  and 𝐺0
′′ denote the 𝐺′ and 𝐺′′ values 
obtained at 𝛾0 of 1%. 
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Figure 2.9: Comparison between rheological results of uncross-linked (open circles) 
and and cross-linked (filled circles) collagen networks at a concentration of 3.5 
mg/ml. 
In the strain-stiffening regime (𝛾𝑐 < 𝛾0 < 𝛾𝑟), δ decreased with increasing 𝛾0 and 
exhibited partial irreversibility with 𝐺′ and 𝐺′′ being about 70% of the initial values, 
when deformed up to 𝛾0  of 60% (Figure 2.8, Panel 2). Interestingly, despite the 
irreversibility, the initial and final δ values at 𝛾0 = 1% were almost identical. This 
suggested that the initial and final state of the network was structurally similar even 
after undergoing strain-stiffening. These findings correlated with the occurrence of a 
microstructural change, which has been proposed to involve deformation-induced 
increase in number of elastically active chains [153]. Indeed, the stiffening regime 
observed in shearing of collagen networks that have low or no permanent cross-linkers 
has been correlated with engagement of previously inactive fibrils through stretching 
of the fibrils backbone, particularly at the tropocollagen level [154]. 
The irreversibility in 𝐺′and  𝐺′′  values was even more severe after network 
rupture (𝛾0 > 𝛾𝑟) as compared to the strain-stiffening region, as shown in Figure 2.8 
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Panel 3. The final 𝐺′and 𝐺′′ values were roughly 64 % lower than the initial values 
(Figure 2.8c and f). The δ value was surprisingly still the same between the initial and 
final values. Similarly to the explanation in the strain-stiffening regime, there was no 
structural different between the initial and final state of the network even after 
undergoing rupture. Indeed, the microstructural deformation responsible for the 
observed sudden release in stress after network rupture (𝛾0 > 𝛾𝑐) has been accrued to 
fracture of the fibrils within collagen fibers, while the network maintain its overall 
structure, through molecular dynamics simulation [155].  
The hierarchy in microstructural deformations with increasing shear load, 
discussed so far, is summarized using the illustration in Figure 2.10. In the 
strain-softening regime, inter-fibril sliding and bonds rearrangement led to concerted 
fibers realignment and fibers lengthening in the entire network. Once the fibers 
reached a certain extension length, engagement of previously inactive fibrils through 
stretching of the fibrils and fibers occur resulting in strain-stiffening of the overall 
network. Subsequent increase in shear loading to the collagen network eventually led 
to fracture of fibrils within the fiber structure and overall network rupture.   
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Figure 2.10: Hierarchical deformation in microstructure of collagen with increasing 
shear loading. The collagen network exhibited strain-dependent mechanical response 
with three distinct regimes. In the strain-softening regime, redistribution of internal 
stresses through progressive slip and breaking of the physical crosslinks in the network 
occurs. With continuous increment in shear loading, engagement of previously inactive 
fibrils through stretching and straightening of fibrils led to strain-stiffening of the 
network. Subsequent increase in shear loading to the collagen network eventually led 
to fracture of fibrils within the fiber structure. More slippage of fibrils and fibers 
occurred at higher shear loading, resulting in higher contribution to the viscous 
measurement.  
2.2.3 Fitting with nonlinear viscoelastic solid model 
The previous section detailed how the microstructures deformed in a hierarchical 
manner to produce the observed mechanical response of the entire collagen network. In 
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order to translate the observed hierarchical phenomena to practical tissue engineering 
applications, elucidation of the contribution of each microstructural deformation to the 
overall network mechanical properties is essential. We first plotted the instantaneous 
stress against strain for collagen with and without external cross-linkers, followed by 
modeling the response with a rationally designed NVS model. We found that the 
parameters in the optimized NVS model correlated well with the microstructural 
deformation found in the different segments, as discussed in the previous section.  
  The plotting of instantaneous stresses 𝜏(𝑡) against strains γ(t), known as the 
Lissajous−Bowditch plots, for different 𝛾0values allowed one to follow the actual 
network response of each loading cycle during the oscillatory shear testing. In the 
Lissajous-Bowditch plot, the response of purely elastic materials is completely in 
phase (𝛿 = 0) and is indicated by a line with a slope of 𝐺′. Conversely, the response of 
purely viscous materials is out of phase (𝛿 = 𝜋 2⁄ ) and is represented by a circle in the 
Lissajous-Bowditch plot. For viscoelastic biopolymer networks such as collagen, the 
Lissajous-Bowditch plot is expected to be a perfect ellipse with the magnitude of the 
complex modulus |𝐺∗| as slope of the semimajor axis [124,156]. Figure 2.11 showed 
that for both pure collagen (not cross-linked) and collagen with 1 (v/v)% 
glutaraldehyde (1 % cross-linked), at 3.5 mg/ml concentration, the Lissajous-Bowditch 
plot was perfectly elliptical at low strains (𝛾0= 0.03, Figure 2.11 upper panel) and 
deviated from the ellipse at higher strains (𝛾0> 0.4, Figure 2.11 middle and lower panel) 
indicating a transition from linear to nonlinear viscoelastic response at higher strain.  
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Figure 2.11: Snapshots of the Lissajous-Bowditch plots of 3.5 mg/ml collagen gels 
with no (left column) and 1 (v/v)% (right column) glutaraldehyde cross-linkers under 
oscillatory shear obtained at different strain amplitude 𝛾0: (upper panel) 𝛾0= 0.03, 
(middle panel) 𝛾0= 0.4 and (lower panel) 𝛾0= 0.75. The experimental data (open 
circles) were compared with the data obtained from NVS fitting (dotted lines), with R2 
value of at least 0.999. The PEC (red, filled circle) component reproduced the 
nonlinear distortions in the stress-strain curve and hysteresis in the SEC / SVC (orange, 
crosses) components indicated the presence of energy lost. The strain-sweep was done 
with frequency of 𝜔 = 1 rad/sec. 
To directly interpret the nonlinear phenomena in the Lissajous-Bowditch plots, 
parameters such as the minimum-strain modulus, large-strain modulus and index of 
non-linearity have been introduced [156,157]. While these parameters are useful in 
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describing the material response, it has no clear physical meaning. For tissue 
engineering applications, a model that is able to capture the entire viscoelastic response 
with physical interpretation to its constitutive parameters is essential. 
The nonlinear viscoelastic solid (NVS) model [147] was developed previously to 
purely simulate loading of mammalian stomach and cardiac tissue. In this study, the 
NVS model is extended to practical applications. The NVS model is used to fully 
capture and described both the linear and nonlinear viscoelastic response of the 
collagen networks under dynamic shear loading. In addition, the constitutive 
parameters are correlated to microstructural deformations occurring in each of the 
loading regime. Twelve different NVS variants were constructed with different 
combinations of elastic and viscous elements (See section 2.4.4). Four of the 12 
variants were found to give satisfactory fit to the experimental rheological data with 
R2 > 0.99. To ensure model compactness and prevent over-fitting, the 
exponential-linear-linear (ELL) model with exponential parallel elastic component 
(PEC), linear series elastic component (SEC) and linear series viscous component 
(SVC) were selected (refer to Table 2.1).  
The selection of an exponential PEC instead of a linear one contributed to the 
adept description of the strain-stiffening phenomenon after 𝛾𝑐 as shown in the middle 
and lower panels of Figure 2.11. The ELL model was able to fit the experimental data 
of both collagen networks with and without cross-linkers for all 3 different regimes, as 
indicated by the dotted lines in Figure 2.11. Furthermore, the upwardly convex 
stress-strain curves for positive strains of 𝛾𝑜 > 𝛾𝑐, indicative of strain-stiffening to 
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protect the structural integrity of the network [124], were closely modeled by the 
exponential PEC. 
2.2.4 Defining the parameters of the NVS model 
α and β parameters in the ELL model 
The excellent recapitulation of the stress-strain curves by the NVS model 
suggested that the model parameters might accurately capture the various physical 
phenomena during the mechanical deformation, as illustrated in Figure 2.10. To better 
understand the α and β parameters of the ELL model, we compared the trends of the 
parameters with increasing shear loading for collagen with and without external 
cross-linkers, as shown in Figure 2.12. Interestingly, the trends of all the parameters 
show striking correlations with the transition in regimes as described in the previous 
section. In particular, the α, β and E parameters increased, decreased and increased 
respectively with increasing shear strain for 𝛾0 ≤ 𝛾𝑐 in non-cross-linked collagen, but 
remained constant in 1% glutaraldehyde cross-linked collagen before the rupture strain. 
This observation was in line with the work by Freudenberg et al that collagen gels are 
cross-linked networks with intermolecular ionic interactions [158]. As a change in 
number of interactions within the collagen gel directly influenced the amount of energy 
stored upon shear straining, changes in stress contributions through the addition of 
external permanent cross-linkers is reflected in the PEC and SEC elements. As 
described in the previous section, the main deformation mechanisms in the 
strain-softening regime are inter-fibril sliding and bonds rearrangement. In order for 
sliding of fibrils to occur, the inter-fibrils ionic interactions, termed slip pulses by [23], 
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must be broken [124]. The weaker inter-fibrils bonds, such as hydrogen bonds [159], 
break at low shear strain, followed by stronger interactions, such as multiple 
neighbouring hydrogen bonds or salt bridges formed from Lysine side chains [160], at 
higher shear strain to facilitate slippage of fibrils. Alternatively, modeling studies have 
also suggested that slippage of fibrils led to increase in steric energy within the triple 
helix from electrostatic interactions between amino acids that were charged and 
conceivably decreasing the translational and rotational freedom of the collagen 
molecules [161]. In line with these 2 deformation mechanisms, the α and E parameters 
increased with increasing shear strain for non-cross-linked collagen, indicating that the 
2 parameters were an indicator of the contribution of the ionic interactions left within 
the network in resisting the shear deformation at a certain strain amplitude  𝛾0 . 
Conversely, permanent covalent linkages introduced by the glutaraldehyde were 
constantly engaged. The permanent linkages born most of the shear load, which led to 
constant α and E values. 
Münster et al. showed that the collagen fibers do not fully retract to their original 
length but instead became longer after shear straining, resulting in an overall softening 
of the collagen network [152]. One possible mechanism by which this could occur is 
by shear-induced breaking of some ionic interactions that do not fully reform, or 
reformed at an altered site. The drastic and consistent drop in the β parameter with 
increasing shear strain for non-cross-linked collagen (Figure 2.12) agreed with the 
notion of decreasing number of ionic interactions with increasing shear strain. Indeed, 
the presence of permanent covalent linkages in the cross-linked collagen prevented the 
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breakage of inter-fibril ionic interactions, thus no change in the β parameter was 
observed.      
 
Figure 2.12: Trends of parameters (α, β, E and M) in the ELL model with increasing 
shear loading for collagen with and without 1 (v/v)% glutaraldehyde cross-linkers. The 
α and E parameters increased while β decreased for 𝛾0 < 𝛾𝑐  (i.e. strain-softening 
regime), α and M parameters increased while E decreased for 𝛾𝑐 < 𝛾0 < 𝛾𝑟  (i.e. 
strain-stiffening regime) for the non-cross-linked collagen. All parameters remained 
constant till 𝛾𝑟 for the 1 (v/v)% glutaraldehyde cross-linked collagen. The red dotted 
lines indicated the strain amplitude at which strain-stiffening or rupture occurred. 
E and M parameters in the ELL model 
The absence of a stiffening regime for cross-linked collagen in Figure 2.9 and 
Figure 2.12 was accrued to an increase in “brittle-ness” of the network [154]. 
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Conversely, the stiffening regime observed in shearing of collagen networks that have 
low or no permanent cross-linkers has been correlated with a stretching of the fibrils 
backbone, as illustrated in Figure 2.10 [136,154]. Energy dissipation was also observed 
in the strain stiffening regime due to the sliding of fibrils and bundles of fibrils 
[161,162]. In line with these findings, increasing trends with respect to increasing 
strain amplitude were observed for α and M in the strain-stiffening regime for the 
non-cross-linked collagen. However, a drastic drop in the E parameter was observed 
after 𝛾𝑐. Similar to the strain-softening regime, the stretching of fibrils backbone in the 
stiffening regime continued to break weaker bonds and formed local steric hindrance 
leading to a continual increase in the α parameter. We hypothesized that the decrease in 
the E parameter was due to exclusion of specific deformation mechanisms with energy 
storage capability that were time-dependent, e.g., breaking of hydrogen bonding 
[124,163]. Furthermore, the slippage of fibrils and bundles of fibrils resulting in energy 
dissipation was reflected in the ELL model through the increase in the parameter M 
and a bigger Maxwell loop with higher  𝛾0  in Figure 2.11. To demonstrate the 
applicability of the ELL model in predicting deformation mechanisms in biological 
samples, shear strain sweep was subsequently performed on pig skin. 
2.2.5 Predicting microstructural changes of pig skin using NVS model 
Skin tissue, containing high amount of collagen type-I [164,165], is a suitable 
model to demonstrate the applicability of the ELL model established in the previous 
section. Skin is a multilayered material composed of an epidermis layer that is about 
0.1 mm in thickness and a dermis layer that is between 1 to 4 mm thick. The dermis 
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layer is made up of papillary and reticular layers that contain collagen and elastic fibers 
[166]. One of the primary functions of skin tissue is to shield the internal organs and 
tissues from external mechanical trauma by exhibiting viscoelastic properties [167]. 
Previous studies have correlated the dissipation of energy when skin is deformed to 
viscous sliding of collagen fibrils during the alignment with the force direction and 
elastic behavior to energy stored as a result of stretching of flexible regions in the 
collagen triple helix [168]. Pig skin has been reported to be the most suitable model to 
human skin because of its similar surface properties, such as body mass, thick 
epidermis, lipid composition, biophysical properties of the lipids and similar 
permeability [169-171]. We have thus performed increasing shear loading on pig skin 
(containing the epidermis to dermis layer, approximately 5 mm in thickness) and 
the 𝐺′and 𝐺′′ with increasing shear amplitude 𝛾0 is presented in Figure 2.13a. Similar 
to pure collagen, three distinct regimes can be observed. In the first regime (𝛾0 <
~7%), 𝐺′consistently decreased while 𝐺′′remained relatively constant. The second 
regime is bounded by the strain in which the 𝐺′′started decreasing to the strain in 
which the 𝐺′′ became larger than the 𝐺′, i.e. ~7% < 𝛾0 < ~70%. The third regime is 
marked by bigger 𝐺′′values as compared to 𝐺′. Since 𝐺′decreased faster than the 𝐺′′ 
at all 𝛾0, we observed a consistent increase in δ. These results indicated the importance 
of elastic components over viscous component in determining the shear behavior of 
skin tissue. 
We subsequently modeled the instantaneous stress-strain behavior of the pig skin 
using ELL model to elucidate the main deformation mechanisms involved in the 
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microstructures fracture, as shown in Figure 2.13c and d. In regime 1, α and E were 
found to increase while β and M to decrease. These parameters trends were similar to 
that found in the strain-softening regime of pure collagen gel. As elaborated in 
previous section, the strain-softening behavior observed in pure collagen is correlated 
with inter-fibril sliding and bonds rearrangement through breakage of ionic interactions. 
The increase in α and E parameters with increasing shear strain indicated an increasing 
contribution of the interactions left within the network, a behavior reported in skin 
tissues to prevent premature mechanical failure [172,173]. The decrease in β and M 
indicated a decrease in the number of ionic interactions and fibrils slippage within the 
network respectively. These microstructural deformations interpreted through the 
parameters of the ELL model correlated well with previous study that bonding between 
collagen and glycosoaminoglycans (GAG) are broken in human skin at low strain 
leading to slippage of fibrils [168,173,174].   
After regime 1, all the parameters are found to decrease with increasing shear 
loading in regime 2 and regime 3, except for an increased in E and β in regime 3. 
These parameters trends were similar to that found in the rupture regime of pure 
collagen gel. The strength of the intact ionic interactions decreased (decreasing α and E) 
while the number of ionic interactions being broken increased (decreasing β) in these 
regimes. Contrary to the pure collagen case, the parameter M decreased in the skin 
model after yield and rupture strain is reached (𝛾0 > 7%). This observation correlated 
with a change in microstructural deformation from fibril slippage to fibril defibrillation 
observed in loading of tendon [167]. We hypothesized that the sudden increase in E 
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after regime 3 is due to the advent of specific deformation mechanisms with energy 
storage capability as the overall network structure undergo drastic adjustment due to 
mechanical failure occurring at attachments between collagenous segments and the 
tissue [175]. 
 
Figure 2.13: Mechanical behavior of pig skin, taken from the epidermis to dermis layer, 
under increasing shear loading represented using (a) G’ and G’’ and (b) δ values. The 
corresponding trends of parameters: (c) α and β, (d) E and M, of the ELL model after 
fitting the instantaneous stress-strain curve of pig skin with the model. The red and 
blue dotted lines indicated the strain 𝛾0at which a sudden drop in loss modulus 𝐺′′and 
the crossover between 𝐺′ and 𝐺′′ occurred respectively. The measurement was made 
at 37°C and   of 1 rad/s, with logarithmically increasing 𝛾0. 
2.3 Outlook 
In this chapter, we have reported a hierarchy in microstructural deformations that 
characterize the viscoelastic behavior of collagen networks under oscillatory shear 
deformation. Through the use of rheological parameters such as the phase angle and 
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the viscoelastic moduli, we deduced the different deformation mechanisms that led to 
the observed nonlinear mechanical behaviors of collagen networks, including 
strain-softening and strain-stiffening when subjected to increasing shear loading. In 
addition, we derived a compact, nonlinear viscoelastic model that can characterize the 
dominant deformation mechanisms through its parameters. Our simple model allowed 
easy adaptation to decipher the main deformation mechanisms involved in biological 
tissues when subjected to shear strain, including skin tissues. Future work can be 
aimed to elucidate the hierarchy in deformation mechanisms of other diverse 
biopolymers and biological tissues at different shear loading through the rheological 
parameters or nonlinear viscoelastic model. An understanding of the hierarchy in 
deformation mechanisms will help in the development of biological compatible 
materials or scaffolding materials for tissue engineering [176], and in explaining and 
treatment of diseases such as osteoarthritis [177], osteogenesis imperfecta [178] and 
coronary artery disease [179], which involve mechanical shearing of human tissues. 
For example, in osteogenesis imperfect, a single amino acid substitution in the collagen 
chains led to repulsion rather than attraction with neighboring collagen molecules and 
fragility in the bones and tissues. Hypothetically, by elucidating when the 
manifestation of such imperfection will affect the overall mechanical properties of 
different tissues, therapeutic approaches can be designed to strengthen the specific 
tissues to a higher strain loading. For example, in the designing of hyaluronic acid for 
topical application to achieve specific mechanical resilience in diseased human tissues. 
Although macroscopic measurements, such as the rheological measurements we 
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reported in this chapter, can provide a representation of the microstructures of 
biopolymers, the representation is yet incomplete. Short-scale mechanics and material 
heterogeneity play a crucial role in the overall elasticity of semiflexible biopolymer 
networks as well. Consequently, a reliable microscale diagnostic technique is required 
and is important for probing microscale network mechanics, especially within the 
context of cell mechanics.  
2.4 Materials and Methods 
2.4.1 Preparation of collagen hydrogel 
Sterile rat tail collagen type I was obtained from BD Biosciences (Bedford, MA) 
at a concentration of 9.03 mg/mL in 0.02 N acetic acid. Appropriate amounts of the 
collagen stock solution were mixed on ice with 10× phosphate buffered saline (PBS), 1 
N NaOH, and 1× Dulbecco’s modified Eagle’s medium (DMEM) to reach a final 
collagen concentration of 3.5 mg/mL at pH 7.4. All solutions were prepared and kept 
on ice prior to collagen gelation and rheological tests. For cross-linked collagen 
networks, appropriate amount of 25 %(v/v) glutaraldehyde was added to the collagen 
mixture in place of DMEM to obtain a final cross-linker concentration of 1% (v/v). 
2.4.2 Preparation of pig skin 
After the pig was sacrificed, the skin from the foreleg was exercised and 
subcutaneous tissues were scraped off with scissors, leaving the epidermis and dermis 
layer of approximately 5 mm. The skin was gently cleaned with liquid hand solution, 
rinsed with tap water, excess water removed by gentle tapping with kimwipes paper 
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and levelled on the table to dry under ambient conditions. The skin was subsequently 
cut to 40 mm circular geometry for loading onto the rheometer. 
2.4.3 Mechanical rheometry 
Rheological measurements were done using a stress-controlled AR-G2 rheometer 
(TA Instruments, New Castle, DE) fitted with 40 mm parallel-plate geometry and 500 
μm gap size. Collagen networks were polymerized in situ by loading 630 μl of the 
prepared collagen solutions onto the precooled Peltier stage and raising the 
temperature to 37 °C. Care was taken to avoid the formation of air bubbles, and a 
solvent trap was used to minimize the effect of dehydration. All measurements were 
subsequently conducted at 37 °C after allowing 90 min for gelation. Preliminary 
time-sweep measurements at a frequency of 1 rad/s and small strain amplitude of 1 % 
were done to monitor the time scale of network self-assembly and to ensure that 
plateau modulus was reached within 90 min. Oscillatory frequency sweeps were 
performed in the frequency range of 10−1 to 102 rad/s at 1 % strain amplitude. 
Strain-sweeps were carried out by varying the logarithmically spaced strain amplitudes 
at different scanning frequencies. 
2.4.4 Nonlinear viscoelastic solid model  
The NVS model used in the collagen characterization consists of two springs, 
parallel elastic component (PEC) and series elastic component (SEC), and one dashpot, 
series viscous component (SVC) [147], as presented in Figure 2.14.  
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Figure 2.14: Schematic representation of the nonlinear viscoelastic (NVS) model 
The experimental data from the rheological measurements are first fitted with 
twelve different combinations of viscous and elastic elements, as shown in Table 2.1. 
The developed model that fits all the experimental rheological data (R2 = 0.99) is 
found to contain exponential, linear, and linear elements for the PEC, SEC and SVC 
components respectively. The stress-strain relationships for these three components are 
written as 
 𝜎𝑃𝐸𝐶 = 𝛽[exp (𝛼𝜀𝑃𝐸𝐶) − 1] (14) 
 𝜎𝑆𝐸𝐶 = 𝐸𝜀𝑆𝐸𝐶 
(15) 
 𝜎𝑆𝑉𝐶 = 𝑀𝜀𝑆𝑉𝐶 
(16) 
The following constraints apply to the NVS model 
 𝜎 = 𝜎𝑃𝐸𝐶 + 𝜎𝑀𝑎𝑥𝑤𝑒𝑙𝑙 (17) 
 𝜎𝑀𝑎𝑥𝑤𝑒𝑙𝑙 = 𝜎𝑆𝐸𝐶 = 𝜎𝑆𝑉𝐶  (18) 
 𝜀𝑀𝑎𝑥𝑤𝑒𝑙𝑙 = 𝜀𝑆𝐸𝐶 + 𝜀𝑆𝑉𝐶 (19) 
 𝜀 = 𝜀𝑀𝑎𝑥𝑤𝑒𝑙𝑙 = 𝜀𝑃𝐸𝐶 (20) 
Following the derivation by [147], the constitutive equation for the developed 
model is 
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where the signum function, sgn(•), is defined as 
𝑠𝑔𝑛(•) = {
−1 𝑖𝑓 • < 0
0 𝑖𝑓 • = 0
1 𝑖𝑓 • > 0
} 
Table 2.1: Combinations of viscous and elastic elements used in NVS model. Lin, exp 
and pow indicate linear, exponential and power fitting respectively. 
Combination PEC SEC SVC Combination PEC SEC SVC 
1 Lin Lin Lin 7 Lin Exp Exp 
2 Exp Lin Lin 8 Lin Lin Exp 
3 Exp Exp Lin 9 Lin Lin Pow 
4 Exp Lin Exp 10 Lin Exp Pow 
5 Exp Exp Exp 11 Exp Lin Pow 
6 Lin Exp Lin 12 Exp Exp Pow 
Chapter 3: Covalently-Bound Microspheres for Particle-Tracking Microrheology 
 68 
Chapter 3: Covalently-Bound 
Microspheres for Particle-Tracking 
Microrheology  
3.1 Introduction 
As established in Chapter 2, biopolymers such as collagen have inherent network 
heterogeneity and short length-scale mechanics that play a crucial role in the overall 
rheological properties of the network. A more detailed understanding of 
micromechanics of biopolymer at short length-scale will be valuable in interpreting 
cell behaviors and engineering of biocompatible polymers for tissue engineering. 
Consequently, a reliable microscale diagnostic tool, such as particle-tracking 
microrheology (PTM), is required for measuring of short length-scale local network 
mechanics, especially for interpreting relationship between network stiffness and 
individual cell behavior. 
3.1.1 Importance of micromechanics in tissue engineering applications 
As elaborated in Chapter 1, biopolymer hydrogels are proving to be useful 
three-dimensional porous scaffolds for tissue engineering and models to mimic 
extracellular matrices for studies of cell behaviors [9,180,181]. To mimic the 
microenvironment, numerous factors as detailed in section 1.2 must be taken into 
consideration [182-184]. In particular, substrate elasticity has been shown to affect cell 
morphology, proliferation, motility, and the outcome of stem cell differentiation 
lineage [185-188]. However, to characterize the mechanical properties of the substrate, 
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most of these studies have utilized macroscopic techniques, such as shear rheology, as 
elaborated in Chapter 2, which measure the bulk mechanical properties but overlook 
network heterogeneity [189-191], which is inherent due to the random polymerization 
of natural polymers. As the length scale of heterogeneity is often comparable to the cell 
dimension [192,193] and as cellular processes are known to be affected by their 
microenvironment [37,194,195], it remains a significant challenge to examine the 
effects of the mechanical properties of local microenvironment on cell behavior.  
Particle-Tracking Microrheology 
Particle-tracking microrheology has been used extensively to characterize the 
mechanical properties of individual fibers [196,197], biomaterial networks [198-201] 
and cells [202-204]. In “passive” particle-tracking microrheology (PTM), the thermal 
motion of embedded micron- or submicron-sized probe particles are analyzed to 
extract the viscoelastic properties of the surrounding local environment using the 
Generalized Stokes-Einstein Relation (GSER), as detailed in section 1.2.2 [205,206]. 
As the probes used are significantly smaller than the size of cells, the local mechanical 
properties can be measured with subcellular resolution. However, many factors such as 
the probe surface chemistry and probe size [207-211], have been found to complicate 
the interpretation of microrheological data. Current studies have advocated the use of 
probes that are larger than the network mesh size as a “gold standard” to measure the 
network mechanics due to physisorption of nearby network on the probe [209]. 
However, the microenvironment around the cells is rich in microstructures with 
heterogeneous mesh sizes and the need to pre-determine appropriate probe size for 
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PTM in every study is impractical. While it is acknowledged that small probes have to 
physically interact with the network to effectively measure the network mechanics 
[209], only probes with non-specific interactions with the network have been studied to 
date [205,209-211]. To probe the network mechanics of materials where the length 
scales of heterogeneity are typically comparable to the probe size, such as biopolymer 
networks, an absence of probe/material interaction can lead to significant problems 
such as slippage [208], cage-hopping [209], and steric hindrance [211,212] which 
would undermine the reliability and accuracy of such microrheological analysis. This 
issue is especially critical when spatially resolved local information, as reported by 
individual probe, is required.  
In this chapter, the unmet need of establishing a robust method to reliably measure 
local micromechanics in 3D biopolymers by using “passive” particle-tracking 
microrheology (PTM) with covalently-bound microspheres is reported. Experimental 
results of PTM with conventional carboxylated and surface-modified microspheres 
will be discussed, followed by detailing the minimum surface modification with 
respect to pore size and probing distance of surface-modified microspheres for reliable 
measurements. The chapter concludes with the demonstration of the importance of 
reliable single-probe measurements in PTM in monitoring spatial distribution of local 
mechanics surrounding a mesenchymal migratory glioma cell and to elucidate how 
mechanotransduction has aided in cell signaling between two glioma cells. 
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3.2 Results and Discussion 
3.2.1 Protein-binding capacity of microspheres 
Conventional PTM method involves the use of probes that have limited or no 
interactions with the surrounding network. However, the absence of probe-network 
interaction can lead to ambiguous and unreliable rheological measurements due to 
cage-hopping and probe/network slippage problems during tracking of these probe 
trajectories [208,209]. An alternative method, quantitative fluorescent speckle 
microscopy (QFSM), involves the use of labeled polymer structure in place of 
embedded probes to measure network mechanics [213]. Although QFSM overcome the 
problems associated with conventional PTM method, there are technical challenges in 
the generation and imaging of the speckles such as high background noise from 
unincorporated fluorescent subunits and inability to detect turnover of fluorescent 
subunits in uniformly labeled microstructures. To overcome the challenges associated 
with conventional PTM and to ensure that the rheological measurements accurately 
reflect solely the network mechanics; we constructed probes that maintained a 
continual mechanical interaction with the material of interest. Carboxyl groups on 
carboxylated, polystyrene microspheres (COOH-microspheres) were first activated 
using EDC/NHS to form stable reactive intermediate, N-succinimidyl esters. The 
surface-modified microspheres (NHS-microspheres) formed covalent bonds by 
aminolysis with primary and secondary amino groups on biopolymers spontaneously, 
as shown in Figure 3.14. Next, to verify that the NHS-microspheres bound proteins 
with amino groups, eGFP was used to monitor the aminolysis reaction. As the 
Chapter 3: Covalently-Bound Microspheres for Particle-Tracking Microrheology 
 72 
microspheres have inherent red fluorescence, the microspheres were expected to 
appear yellow after binding with the green fluorescing eGFP, when excited with 488 
and 543 nm excitation lasers simultaneously. As shown in Figure 3.1A, 
NHS-microspheres (image c) appeared yellow but COOH-microspheres (image a) did 
not. Furthermore, the NHS-microspheres (image d) fluoresced in the green emission 
region, indicating substantial binding of eGFP on the NHS-microspheres, but not the 
COOH-microspheres (image b).  
 
Figure 3.1: A) Confocal images of red and green fluorescence emission regions excited 
by 488 and 543 nm lasers simultaneously (a,c) green emission region excited by FITC 
only (b,d) for 0.5 µm eGFP labeled COOH- and NHS-microspheres. (B) The number 
of red and green fluorescence pixels per microsphere due to the microspheres and 
eGFP respectively are tabulated for NHS-, COOH- and untreated COOH-microspheres, 
indicative of the binding capacity of the microspheres. *Student’s t-test (2-tailed, 
unpaired): p = 1 × 10-6  
To quantify the amount of eGFP bound, the number of pixels illuminated by red 
fluorescence and green fluorescence, indicative of microspheres and eGFP respectively, 
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were measured with approximately 150 microspheres of each condition (Figure 3.1B). 
As expected, the number of red pixels per microspheres was comparable for all three 
conditions. The number of green pixels observed on the eGFP-treated 
COOH-microspheres was comparable to the non-eGFP-treated COOH-microspheres. 
The small number of green pixels found in eGFP-treated COOH-microspheres was 
possibly due to incomplete removal of eGFP via centrifugation. In contrast, the 
NHS-microspheres had a statistically much greater green pixel count as compared to 
both the eGFP-treated and non-eGFP-treated COOH-microspheres, implying that there 
was spontaneous formation of covalent bonds by NHS-microspheres with samples 
containing amino groups. From these results, the surface-modification procedure 
established here is adequate in generating amine-reactive esters on carboxylated 
microspheres for spontaneous reaction with amine groups found on proteins and 
natural biopolymers.  
3.2.2 Wider MSD distributions for COOH-microspheres compared to 
NHS-microspheres 
Probes used in PTM that have greater interaction with the heterogeneous network 
samples are sensitive to network stiffness while probes with minimal interaction 
measure viscosity of the fluid within the pores of the network [207,210,211]. To 
examine the effect of surface modification on the mobility of microspheres, NHS- and 
COOH-microspheres were embedded in polyacrylamide gels of 2 different total 
monomer concentrations with a fixed bis-acrylamide crosslinker concentration of 3 
(w/w) %C. Polyacrylamide gel, with pore size smaller that the microsphere size, was 
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used as it is known to be more homogeneous compared to natural biopolymers, thereby 
allowing us to compare the MSD distributions between NHS-microspheres and 
COOH-microspheres in the absence of heterogeneities that complicate the distribution 
measurements. Polyacrylamide gels with total monomer concentrations of 10.5 (w/v) 
%T and 4.6 (w/v) %T have estimated median pore radii of 70 nm and 107 nm, 
respectively [214]. Red fluorescent NHS-microspheres and green fluorescent 
COOH-microspheres, both 0.2 µm in size, were co-dispersed in each polyacrylamide gel 
sample to circumvent the problem of batch-to-batch sample variability, from preparing 
the gels separately, in the measurements. Table 3.1 summarized the ensemble-averaged 
mean-squared displacements (MSD) and difference between the maximum and 
minimum MSD values of 40 (each) independent NHS- and COOH-microspheres 
embedded within the gels at time lag τ of 0.48 sec.  COOH-microspheres showed a 
significantly broader distribution of MSD, as indicated by the larger difference in the 
maximum and minimum MSD as compared to the surface modified NHS-microspheres, 
for both polyacrylamide concentrations. In addition, embedding COOH-microspheres in 
the bigger pore size 4.6 %T polyacrylamide gel resulted in even more pronounced 
variation in MSD. The presence of “outlying” COOH- microspheres with higher 
recorded MSD compared to the bulk COOH- and NHS- microspheres, as shown in 
Figure 3.2, contributed to the wider maximum-minimum values for COOH- 
microspheres. This increased distribution of MSD for COOH-microspheres compared to 
NHS-microspheres in gel with bigger pore size indicated that the effects of steric 
hindrance, cage-hopping and slippage problems, as previously hypothesized 
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[208,209,212], associated with the use of non-covalently bound probes for measuring 
networks with big pore sizes in PTM, reduced the reliability of the measurements. 
Table 3.1: Ensemble-averaged MSD values of 40 individual NHS- and 
COOH-microspheres embedded in polyacrylamide gel with 2 different concentrations, 
taken at lag time τ of 0.48 sec. 
























Figure 3.2: MSD against time lag of 40 (each) NHS- and COOH-microspheres 
embedded in polyacrylamide gels with 2 different concentrations, 4.6 (w/v)%T and 
10.5 (w/v)%T. 20 representative individual and the ensemble-averaged MSD of 
COOH- (red lines, full black line) and NHS- (blue lines, dashed black line) 
microspheres were presented on the left column. The ensemble-averaged and standard 
deviation of MSD at each time lag for COOH- (filled circle, dotted error bars) and 
NHS- (open circle, full line error bars) microspheres were tabulated on the right 
column. 
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To ensure that the values of the difference in maximum and minimum MSD 
observed were due to the differences in surface chemistry and not a reflection of poor 
statistics from short data collection period, we used the van Hove correlation function 
to analyze the microspheres displacement [198,215]. The van Hove correlation 
function describes the probability density of having a displacement of a given 
magnitude χ at a particular lag time τ. The NHS-microspheres exhibited a narrower 
displacement distribution as compared to the COOH-microspheres (Figure 3.3), 
indicative of restricted movements of the former due to covalent bonding onto the 
polyacrylamide gel. These data based on polyacrylamide gels indicated that using 
non-covalently bound probes, such as COOH-microspheres, in PTM could result in 
artificially less stiff local network due to tracking of greater probe movements from 
slippage of the probes in the network, network polymer depletion from probe surface 
due to steric hindrance and cage-hopping. The non-covalently bound microspheres 
were in actual fact not measuring local network mechanics. These issues were found to 
be even more predominant in networks with large pore sizes, as shown inTable 3.1. 
Thus, in order to reliably measure the network mechanics of biopolymers that has 
length scale of pore size comparable to the probe size, microspheres that maintained 
continual interactions with the network, such as covalently-bound microspheres, were 
found to be more useful than non-specifically bound microspheres. 
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Figure 3.3: van Hove distribution for 0.2 µm NHS- microspheres (filled circles) and 
COOH-microspheres (open circles) in the same polyacrylamide gel of 10.5 %T and 
3 %C for time lag τ of 0.48 and 2.42 sec, shown with Gaussian fits to the 
ensemble-averaged data. 
3.2.3 Viscoelasticity is independent of probe size for NHS-microspheres 
The ideal probe for network rheology has been commonly defined as probe 
microspheres that are significantly larger than the mesh size of the network 
[205,206,209,211,216]. To understand how network mechanics probed by covalently 
bound microspheres of comparable size to the network compares with the mechanics 
obtained with large ideal microspheres as probes, we performed PTM using 0.5 µm red 
fluorescent NHS-microspheres and 0.2 µm green fluorescent NHS-microspheres in 
polyacrylamide gel with 10.5 %(w/v)T. The MSD data for smaller microspheres were 
significantly larger than those of larger microspheres (Figure 3.4A), consistent with the 
prediction of GSER, which specifies the MSD to be inversely proportional to the radius 
of the probe microspheres. Consequently, the scaled MSD (MSD multiplied by the 
radius of microsphere) will be the same if the probes were measuring purely the network 
mechanics. The MSD for both 0.2 µm and 0.5 µm NHS-microspheres were found to be 
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similar (Figure 3.4B). The standard deviation at small lag times for 0.2 µm were not 
shown due to the limited range of MSD displaced in the y-axis. This result indicated that 
NHS-microspheres which were comparable in size to the mesh size of the network being 
measured generated rheological information similar to measurements based on the ideal 
probe. As mentioned in section 3.1.1, the inherent heterogeneity of biopolymer networks 
posed a challenge in making an a priori decision on the probe size and the limit of the 
size of probe to be used is limited by the resolution of the video tracking method. Figure 
3.4 further indicated that microspheres modified to interact with the surrounding 
network do not artificially create a stiffer local environment by actively attracting the 
surrounding network, which was previously hypothesized [209-211], as the MSD were 
the same for both the small and large microspheres. Thus, using NHS-microspheres was 
a viable alternative to COOH-microspheres in PTM as it could generate the same 
network mechanics as microspheres that were larger than the mesh size and did not 
actively alter the local network. 
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Figure 3.4: (A) MSD and (B) Scaled MSD (MSD × 𝑎) of 0.2 µm green (filled circle, 
full line error bars) and 0.5 µm red (open circle, dotted error bars) fluorescent 
NHS-microspheres embedded in the same 10.5 (w/v)%T polyacrylamide gel as 
functions of time lag. Each MSD curve was an average of MSD curves of more than 
30 individual microspheres and error bars showed variation of MSD curves for 
different microspheres at each specific time lag. 
3.2.4 Surface modification amount affects the distribution of 
micromechanics 
The extent of surface modification on the NHS-microspheres can affect both the 
total number of covalent linkages formed and the probability of forming linkages with 
the surface amino groups on the network. Insufficient surface modification will likely 
result in unreliable measurements from steric hindrance, slippage and cage-hopping 
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issues associated with non-covalently bound microspheres. To identify the minimum 
amount of surface modification required to mitigate these limitations, we altered the 
amount of covalent linkages to be formed between the microspheres and network by 
modifying the surface of 0.2 µm carboxylated microspheres with different EDC/NHS 
concentrations. Green fluorescent microspheres were treated with 4 different 
concentrations of EDC and NHS, as presented in Table 3.5, and embedded into 4 
polyacrylamide gels with concentration of 10.5 (w/v)%T and 3 (w/w)%C. To minimize 
batch-to-batch variability from inherent heterogeneity in gels or experimental 
preparations during cross sample comparison, red fluorescent microspheres treated 
with the largest concentration of EDC and NHS (Table 3.5, described as R10) were 
added to each gel, and measurements based on these red microspheres were used as a 
“reference” (i.e., the measurements based on the other particles for the same gel were 
“normalized” with respect to the reference measurements obtained using the red 
microspheres). As shown in Figure 3.5, the lesser the number of EDC and NHS used 
per COOH group for surface modification, the further was the normalized elastic 
moduli from a ratio of 1.  
 
Chapter 3: Covalently-Bound Microspheres for Particle-Tracking Microrheology 
 81 
 
Figure 3.5: Normalized elastic moduli, with reference to corresponding normalizer 
(R10), of different surface modified microspheres for polyacrylamide gels of 10.5 
(w/v)%T and 3 (w/w)%C at frequency of 4.1 rad/sec (crosses) and 1.0 rad/sec (open 
circles). 
In addition, increasing the amount of surface modification on the microsphere 
decreased the spread of the elastic moduli, as shown by the smaller standard deviation 
in Figure 3.6. The greater deviation of normalized elastic moduli from 1 and wider 
spread in elastic moduli obtained using treatment with low surface modification 
exemplified the presence of ambiguous data likely to be the result of insufficient 
covalent linkages between the microspheres and network. Insufficient covalent 
linkages possibly led to generation of viscoelastic measurements that were affected by 
the solvent surrounding the microsphere, slippage of the microsphere against the gel, 
polymer depletion from microsphere surface and cage-hopping. The deformation field 
and corresponding drag coefficient of microspheres with covalent linkages was found 
to be a function of linkage size and number. Large number of linkages with the 
network was required to obtain drag coefficient that was the same as microspheres with 
nonslip boundary condition [212]. High surface modification was thus required to 
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generate rheological data that were purely interpretive of the viscoelasticity of the solid 
network. The biggest value obtained by normalizing the elastic moduli of R10 
microspheres in one gel with another was used as the cutoff to determine the minimum 
surface modification required. Our data, in Figure 3.5 and Figure 3.6, suggested that 
the concentration of EDC/NHS treatment should at least be similar to that used for 
generating G1E-2 microspheres (Table 3.5) so as to obtain microrheological data that 
were interpretive of solid material heterogeneity in the material. 
 
Figure 3.6: Elastic moduli of green NHS-microspheres modified with different 
concentration of EDC and NHS and the corresponding red normalizer microsphere 
(R10). The 2-tailed, unpaired T-test of R10 normalizer microspheres, indicating 
batch-to-batch variability, gave a minimum p-value of 1.1 × 10-8. An α-value of 1.0 × 
10-8 (*) was chosen to identify the surface modification required to give reliable 
microrheological reading that was interpretive of the solid material heterogeneity in the 
sample. 
3.2.5 Network pore size determines the optimum surface modification 
Biopolymers that are commonly used for cell behavioral studies are inherently 
heterogeneous with the maximum pore size typically bigger than the size of 
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microspheres used in PTM. In section 3.2.3 and 3.2.4, only the minimum surface 
modification of NHS-microspheres for pore sizes smaller than microspheres has been 
identified. In this section, the minimum surface-modification of NHS-microspheres 
required for polyacrylamide network with pore sizes bigger than the microspheres 
were identified. 
The maximum network pore size of 3 (w/v)%T, 40 (w/w)%C and 3 (w/v)%T, 50 
(w/w)%C polyacrylamide gels was determined using the electrophoresis method 
(Figure 3.7) [214] and the results presented in Table 3.2. The maximum pore size of the 
40 %C polyacrylamide gels was bigger than the NHS-microspheres used, i.e. 500±50 
nm, while that of 50 %C was comparable to the size of the microspheres. 
 
Figure 3.7: Typical electrophoresis result for 3 (w/v)%T, 40 (w/w)%C (left) and 3 
(w/v)%T, 50 (w/w)%C (right) polyacrylamide gels using polystyrene microspheres 
with diameter sizes of 20 nm to 1 µm. Distinct electrophoretic mobility difference in 





Chapter 3: Covalently-Bound Microspheres for Particle-Tracking Microrheology 
 84 
Table 3.2: Pore size estimation of polyacrylamide gels at 3 (w/v)% total acrylamide 
concentration with 40 and 50 (w/w)% bis-acrylamide. 
 3%T, 40%C 3%T, 50%C 
Maximum size of micro pores (nm) 611.1 ± 13.3 545.7 ± 9.4 
 
As elaborated in previous section, insufficient covalent linkages will lead to 
generation of viscoelastic measurements that were affected by the solvent surrounding 
the microsphere, slippage of the microsphere against the gel, polymer depletion from 
microsphere surface and cage-hopping. Indeed, according to the results presented in 
Figure 3.8, for network pore size comparable or larger than the size of the NHS- 
microsphere, a minimum modification was necessary. The minimum surface 
modification required for 40 %C polyacrylamide gel was G5 (refer to Table 3.5 for 
modification) while only G1 surface modification was required for 50 %C 
polyacrylamide gel. The wider the distribution of network pore sizes, comparing 
between 40 %C and 50 %C polyacrylamide gel, the higher the minimum surface 
modification required. Thus, for network pore size larger than the size of the 
microsphere, such as in biopolymer networks, a minimum surface modification of G5 
(Table 3.5) will be required. In the subsequent experiments involving the biopolymer 
network collagen, the concentration of EDC/NHS treatment used was G10. To ensure 
reliable measurements, the minimum modification of microspheres required when 
measuring a new biopolymer should be investigated. 
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Figure 3.8: MSD of green NHS-microspheres modified with different concentration of 
EDC and NHS and the corresponding red normalizer microsphere (R50) dispersed in 
(a) 3 (w/v)%T, 40 (w/w)%C and (b) 3 (w/v)%T, 50 (w/w)%C polyacrylamide gels. The 
2-tailed, unpaired T-test of R50 normalizer microspheres, indicating batch-to-batch 
variability, gave a minimum p-value of 0.46. An α-value of 0.05 (*) was chosen to 
identify the surface modification required to give reliable microrheological reading that 
was interpretive of the solid material heterogeneity in the sample.  
3.2.6 NHS-microsphere can effectively measure the mechanics of varying 
microenvironment in collagen 
The presence of local heterogeneity in 3D gels can be observed by deliberately 
adding microstructures to generate local domains of varying rigidity and the 
microstructures were found to affect myocytes behavior [217,218] and human 
mesenchymal stem cells differentiation into osteogenic lineages [194]. However, a 
reliable method to measure the local stiffness in 3D gels in order to understand the 
effect of micro-domains rigidity on cell behavior is currently absent. From the 
observations of previous sections, NHS-microsphere is potentially a viable option to 
probe the local environment of the heterogeneous 3D gels. To verify that the 
NHS-microsphere is sensitive to changing microenvironment, experiments were 
carried out to track approximately 40 independent microspheres in collagen gel, a 
biopolymer described in section 1.1 [219-222], at varying concentrations. As shown in 
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Figure 3.9, the MSD and elastic moduli obtained by tracking the movements of the 
NHS-microspheres decreased and increased with increasing concentrations of collagen 
respectively. The microrheology measurements were found to have similar 
concentration dependence as the bulk rheology measurements, but with lower apparent 
stiffness. Similar observation was found when microspheres with finite contact areas 
was used to measure stiffness of F-actin [212] and thermosensitive microgels [223]. 
The ensemble-averaged elastic moduli, determined using the average elastic moduli 
from 1 to 4.1 rad/sec, scaled with a power law of 1.7 ± 0.3 was comparable to previous 
findings ranging from 1.7 to 2.2 [224,225]. The magnitudes of the elastic modulus 
obtained using NHS- microsphere was comparable to previous results ranging from 
0.1Pa at 1 mg/ml to 50 Pa at 5mg/ml [219,220,222]. The slight variation in power-law 
scaling and elastic modulus magnitude with previous findings could be due to the 
difference in manufacturer, type and batch of collagen used. Similar to the findings 
using polyacrylamide gels, COOH-microspheres measured a wider distribution of 
elastic and loss moduli compared to NHS-microspheres at all concentrations of 
collagen as shown in Table 3.3 and Table 3.4, indicating the presence of unreliable 
measurements with the use of unbounded microspheres. This proved that the 
NHS-microspheres developed in this study was sensitive to and can effectively 
measure the microrheology of varying microenvironment, which are essential for 
understanding effect of micro-domains rigidity on cell behavior and measuring 
microrheological changes of the heterogeneous tissue surrounding a cell during cellular 
induced remodeling of the microenvironment. 
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Figure 3.9: (a) MSDs of at least 40 independent NHS-microspheres embedded in 
collagen at 1, 1.5, 2, 3, 5 and 7 mg/ml. (b) Bulk (open circle, dash-dot line) and 
ensemble-averaged (filled circle, full line) elastic moduli of collagen at 1.5, 3.5, 5.5 
and 7.5 mg/ml. 0.5 µm NHS- microspheres were used for PTM measurements. The 
dotted lines indicated the 99% confidence bands. 
Table 3.3: Elastic moduli of 40 individual NHS- and COOH- microspheres dispersed 
in various concentrations of collagen. 
Elastic Moduli, G’ 
(Pa) 
Collagen Concentration (mg/ml) 




2.2 14.4 27.3 33.4 
Standard 
Deviation 




5.8 28.5 32.5 44.1 
Standard 
Deviation 
2.6 16.0 9.7 13.1 
Table 3.4: Loss moduli of 40 individual NHS- and COOH- microspheres dispersed in 
various concentrations of collagen. 
Loss Moduli, G’’ 
(Pa) 
Collagen Concentration (mg/ml) 




0.2 3.3 10.4 10.6 
Standard 
Deviation 




0.3 3.0 5.5 7.6 
Standard 
Deviation 
0.2 2.7 4.4 6.0 
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3.2.7 Probing distance of NHS-microspheres 
In section 1.1, we emphasized that mechanical environment of a cell regulates its 
behaviors, such as differentiation, proliferation, morphology and invasion. 
Fundamental to understanding mechanosensing and mechanical interaction between 
cells and microstructures is the question of how far can cell sense. In 2D cell culture, 
cell spreading area is considered an indicator of the degree to which the cell can sense 
the underlying substrate, as cells tend to spread more on stiffer substrate [226-228]. For 
example, rat aorta smooth muscle cells, through traction forces, generated bead 
displacements of several micrometers from the edge of cells when cultured on stiff 
polyacrylamide gels [229]. In contrast, human mesenchymal stem cells and fibroblasts 
cultured on soft, fibrous biopolymers such as collagen and fibrin were found to deform 
the gel up to five cell lengths away (~ tens of micrometers) through local and global 
stiffening [230]. Although it is becoming clear that cells are able to sense substantially 
farther and deeper when cultured on 2D biopolymer gels through the advent of traction 
force microscopy, a tool to measure the mechanical stress that cells exert on the 
surrounding when embedded in 3D culture is still lacking [231]. In a 3D culture, cells 
are subjected to 3 different stresses: shear stress, compressive stress and tensile stress 
[232]. Shear stresses are applied parallel to the cell surface, compressive stresses are 
applied perpendicular resulting in compression of the cells and tensile stresses are 
applied perpendicular resulting in expansion of the cells. Cell embedded in 3D culture 
experience strain when the biopolymer fibers in which it reside in-between slide 
against each other, residing in displacement of the cell. The PTM that has been 
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introduced in this chapter allowed the reliable measurement of micromechanics of the 
fibers within the biopolymer network and thus is a suitable method for local 
micromechanics measurements around embedded cells. In order to use the method 
established, the sensing depth of the individual microspheres in linear gels, such as 
polyacrylamide, and nonlinear gels, such as collagen, must be characterized. 
Using the maximum and minimum MSD for NHS-microspheres found on the wall 
surface as boundary, the sensing depth of the microspheres was found to be 20 µm (the 
lowest distance from wall surface where MSD measured was more than the maximum 
at zero distance) in 3 (w/v)%T, 50 (w/w)%C polyacrylamide gel, as shown in Figure 
3.10a. Conversely, the MSD of NHS-microspheres embedded in 7 mg/ml collagen 
showed no deviation for at least 170 µm, as shown in Figure 3.10b. These results 
suggested that cell is able to sense mechanical changes that take place 20 μm and 
within 170 μm away when embedded in polyacrylamide and collagen gel of 7 mg/ml 
respectively. Based on the sensing depth of NHS-microsphere in collagen gels, the 
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Figure 3.10: MSD of NHS-microspheres, embedded in (a) 3 (w/v)%T, 50 (w/w)%C 
polyacrylamide gels and (b) 7 mg/ml collagen gel, with respect to distance from wall 
of well in MatTek culture dish. The dotted lines in (a) indicate the maximum and 
minimum MSD measured at zero distance. NHS-microsphere can be used to determine 
the transmission length of the biopolymer in which it is embedded in. 3 (w/v)%T, 50 
(w/w)%C polyacrylamide gel and 7 mg/ml collagen have transmission lengths of 20 
µm and at least 170 µm respectively. 
3.2.8 Spatial distribution of micromechanics around C6 glioma cells using 
NHS-microspheres 
PTM with NHS-microspheres was next used to determine the spatial distribution of 
stiffness surrounding cells in 3D hydrogel. The microspheres were incorporated into 
collagen type-I gel at a concentration of 3.5 mg/ml prior to impregnation with C6 glioma 
cells. The microspheres selected to monitor the stiffness in front of the cell processes and 
surrounding the cell body of a representative glioma cell were shown in Figure 3.11A. 
Briefly, microspheres in direct contact with the collagen at the front and side of the cell 
processes were used to monitor the stiffness in front of the cell, while microspheres 
found around the main cell body were used to monitor the stiffness surrounding the cell 
body. The elastic moduli obtained by tracking the trajectories of the selected 
NHS-microspheres, at least 3 microspheres per condition, were shown in Figure 3.11B. 
The local stiffness of at least 3 different C6 glioma cells was measured. The 
Chapter 3: Covalently-Bound Microspheres for Particle-Tracking Microrheology 
 91 
microenvironment at the leading edge of the representative cell was found to be 
statistically stiffer than those surrounding the cell body in 3.5 mg/ml collagen. Previous 
work using fibrosarcoma HT-1080 cells found that the matrix at the leading edge of a 
single cell undergoes reversible deformation during mesenchymal migration in 3D 
collagen matrix [233]. Glioma cells were also found to secrete Lysyl Oxidase (LOX), a 
collagen cross-linker, promoting invasive behaviors [234,235]. Our results indicated 
that these modifications of the local network led to the formation of a stiffer 
microenvironment at the leading edge of the mesenchymal migrating cell. In addition, 
the invasion pattern of cancer cells was found to be determined by the local ECM 
microenvironment, such as the concerted interplay of cell adhesion and ECM 
degradation [40]. However, the local ECM microenvironment is defined by a myriad of 
factors such as rigidity, protein composition and supramolecular composition and it is 
still unclear which of this factor plays the dominant role in determining cancer cell 
invasion pattern [236]. The method established here thus enables the isolation of local 
ECM rigidity from these factors for future cancer cell invasion studies. The importance 
of NHS-microspheres PTM to characterize the spatial distribution of local 
micromechanics will further be elaborated by applying the method to elucidate the role 
of integrin in promoting the invasion of human glioma cells in the next chapter. In the 
subsequent section, another important application of NHS-microspheres PTM will be 
introduced. 
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Figure 3.11: (A) NHS-microspheres selected to monitor local stiffness at leading edge 
(a, b) of a representative C6 glioma cell, in blue, and around the cell body (c, d). The 
positions of the microspheres are highlighted in green circles. Microspheres in direct 
contact with the collagen at the front and side of the cell processes were used to 
monitor the stiffness in front of the cell, while microspheres found around the main cell 
body were used to monitor the stiffness surrounding the cell body. (B) Elastic and loss 
moduli obtained by tracking the trajectories of the selected NHS-microspheres. 
*Student’s t-test (2-tailed, unpaired): p = 1 × 10-17 
3.2.9 Mechanotransduction aids in cell signaling between two cells 
In many biological systems, the MSD of internal structures does not scale linearly 
with time, as in normal diffusion, but in the anomalous form given by < ∆𝑟2(𝜏) >
~𝜏𝛼 , 𝜏 → ∞  where  𝛼 ≠ 1  [237]. The two types of anomalous diffusion were 
presented in Figure 3.12, superdiffusion (𝛼 > 1) and subdiffusion (𝛼 < 1). Parental 
breast cancer cell line MDA-MB-231 with high expression level of integrin alpha 5 
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beta 1 has a superdiffusion migration with higher anomalous exponent, i.e. higher α 
value indicative of more persistent migration, as compared to cell line with low 
expression level [238]. In another example, microspheres bound onto actomyosin 
network of cells, via coating the microspheres with fibronectin, were found to have 
mean-squared displacement showing subdiffusive to superdiffusive transition. 
Subdiffusive behavior was proposed to be due to spontaneous formation and gradual 
self-assembly of stress fibers while superdiffusive due to pre-mature fibers producing 
increasing level of pre-stress with long-time power-law correlations [239]. However, 
these studies involving the use of microspheres to elucidate diffusion behavior have to 
date been conducted only in crowded environment [240], such as cytoskeleton actin 
network [241], or 2D system [242] conceivably due to the lack of a robust method to 
bound the microspheres permanently on the sparse 3D network.  
 
Figure 3.12: Types of anomalous diffusion: superdiffusion and subdiffusion. 
Using the PTM with covalently-bound microspheres method established in this 
chapter, the diffusion behavior of collagen network surrounding human U-251 MG 
glioma cells was identified. As shown in Figure 3.13 (upper panel), three distinct 
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regions surrounding two U-251MG cells embedded in 2 mg/ml collagen gel were 
identified. Figure 3.13 (lower panel) showed the average value of MSD for at least 3 
NHS-microspheres embedded within the three regions. The average distance moved by 
the NHS-microspheres in region 2 and 3 was higher than in region 1. For times larger 
than ~5 seconds, all three regions presented anomalous diffusion. The superdiffusion 
observed was due to external traction force generated by cells [243]. In addition to the 
superdiffusion behavior, PTM with covalently-bound microspheres enabled the 
elucidation of spatial distribution in persistency of collagen fibers alteration by the 
U-251MG glioma cells, which has never been reported to date. Region 2 and 3 had a 
higher anomalous exponent of 1.65 as compared to region 1 with 1.3, indicating the 
fibers between the two cells were less altered as compared to collagen fibers attached 
to only one cell. The band of highly compacted and aligned collagen between two cells 
has also been observed using corneal fibroblast [244]. The lower anomalous exponent 
for region 1 may be due to the tight regulation of mechanics between the two cells to 
enable mechanotransduction and cell signaling.  
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Figure 3.13: Double-logarithmic plot of the MSD as a function of lag time (bottom 
panel) of 3 regions around U-251MG glioma cells embedded in 3D collagen (top 
panel). Experimental data points for region 1 (collagen fibers between 2 glioma cells) 
are symbolized by filled rhomboids, region 2 by crosses and region 3 by open circles. 
The symbols represent an average over all the trajectories of at least 3 microspheres 
embedded in the respective regions. 
3.3 Outlook 
In this chapter, we introduced a robust method to reliably measure the local 
micromechanics of heterogeneous networks such as biopolymers. The PTM with 
covalently-bound microspheres method overcome the limitations of conventional PTM, 
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such as probe-network slippage, cage-hopping and requirement of a priori knowledge 
of network mesh size. We showed that surface-modified probe particles using a 
zero-length cross-linker provided more reliable measurements of network mechanics 
as compared to standard carboxylated probes and appropriate surface modification of 
microspheres for PTM circumvented the requirement of using microspheres larger than 
the network mesh, an approach typically considered to be ideal. Using the method 
established, we further introduced two important biological applications that required 
covalently-bound microspheres in PTM. These results highlighted the importance of 
using permanently-linked microspheres in PTM for determining micromechanics of 
network with short-scale architecture, such as in understanding cancer cell invasion in 
3D environment that will be discussed in Chapter 14. 
3.4 Materials and Methods 
3.4.1 Preparation of microspheres 
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide (EDC) and 
N-hydroxysuccinimide (NHS) coupling reaction of carboxylated microspheres was 
performed as illustrated in Figure 3.14 [245,246]. To generate surface-modified 
microspheres (NHS-microspheres), 20 μl of 0.2 µm or 0.5 µm COOH-microspheres 
(2 %solids) was centrifuged at 14,000×g for 5 minutes. After removing the supernatant, 
the pellet of microspheres was washed once using MES buffer (100 mM 
2-(N-morpholino)ethanesulfonic acid, pH 6.0) and the microspheres collected by 
centrifugation. The pellet was subsequently resuspended in varying concentrations of 
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EDC and N-hydroxysuccinimide (NHS), as listed in Table 3.5, in MES buffer for 30 
minutes at room temperature. The standard surface modification used in the 
experiments was according to G10 or R10 concentrations of EDC and NHS. The 
excess EDC/NHS chemicals in the supernatant were subsequently removed and the 
microspheres washed twice with deionized water. The microspheres were then 
resuspended in HPLC water to the original volume. The activated esters on the 
NHS-microspheres spontaneously formed stable amide bonds with primary amine 
groups on polyacrylamide and collagen. The surface-modified microspheres were 
stored in 4 oC and used within one week after modification. 
The COOH-microspheres used in the experiments were collected by 
centrifugation, washed once in de-ionized water and re-suspended to the original 
volume in HPLC water. 
 
Figure 3.14: Schematic illustration of the modification of COOH-microspheres to 
obtain NHS-microspheres, which in turn react with polymer containing amine groups 
to form covalent bonds 
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Table 3.5: Varying concentrations of EDC and NHS used for different extent of surface 
modification on microspheres 
Abbreviation 
Number of EDC 
molecules per COOH 
molecule 
Number of NHS 
molecules per COOH 
molecule 
G1E-5 0.00001 0.000025 
G1E-2 0.01 0.025 
G1 1 2.5 
G5 5 12.5 
G10 or R10 10 25 
G50 or R50 50 125 
3.4.2 eGFP binding 
The enhanced green fluorescent protein (eGFP) gene was subcloned from pIRES into 
pBAD/His vector and transformed into competent E.coli cells. Protein extraction and 
purification were performed using B-PER bacterial protein extraction reagent and 
PrepEaseTM His-Tagged high yield purification resin respectively, according to the 
supplier protocol.  
A volume of 2 µl of prepared NHS- and COOH-microspheres were incubated with 
100 µl of the 350 µg/ml eGFP solution and incubated overnight at 4oC with constant 
shaking. The microspheres-protein mixture was centrifuged at 16,100 g for 5 minutes 
and subsequently washed once with sodium dodecyl sulphate (SDS) and thrice with 1× 
phosphate-buffered saline (PBS) to remove non-specifically bound eGFP from the 
microspheres. The microspheres were observed using Zeiss LSM710 confocal 
microscopy with 63× 1.4 NA oil immersion objective lens. eGFP was excited at 488 nm 
using Argon laser and emission spectra captured in the green region (500–530 nm). 
Microspheres were excited at 543 nm using Helium–Neon laser and emission spectra 
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captured in the red region (558–615 nm). The gain and offset used in taking each image 
were fixed. The number of red and green fluorescence pixels, for the microspheres and 
eGFP respectively, were extracted from the captured confocal images.  
3.4.3 Preparation of polyacrylamide gel with embedded microspheres 
To form the polyacrylamide gels, polyacrylamide stock with 40 (w/v) %T, total 
acrylamide concentration, and 3 (w/w) %C, bis-acrylamide crosslinker concentration, 
TEMED and 10 (w/v) % ammonium persulfate (APS) were prepared in de-ionized 
water. To ensure that the NHS-microspheres covalently bond to the amine groups on the 
polyacrylamide gel, the commonly used Tris buffer was replaced with HEPES buffer in 
the gel preparation. Polyacrylamide stock of varying volumes were mixed with 100 µl of 
HEPES, 20 µl of APS, 2 µl of TEMED, 2 µl of each type of microspheres, and made up 
to 2 ml with de-ionized water to obtain desired final acrylamide concentrations. The gel 
mixture was poured immediately onto 35 mm glass bottom petri dish with coverglass 
inserts (no. 0) and 10 mm micro-well (MatTek Corp, Ashland, MA). 
Appropriate amounts of the 9.03 mg/ml stock collagen solution, depending on final 
concentrations, were mixed on ice with 10× PBS, 1 µl of NHS-microspheres and 1 M 
sodium hydroxide (NaOH) to adjust pH to 7.4. Phenol-red–free DMEM with 1000 mg/l 
glucose was added to obtain the desired total volume of 100 µl. The collagen mixture 
was poured onto the glass bottom petri dish and incubated at 37oC for 1 hour. 
3.4.4 Pore size estimation 
Pore size estimation was carried out using gel electrophoresis method with 
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microspheres of defined sizes. The polyacrylamide gels were gelled between two glass 
plates (Bio-red, Hercules, CA) with well size of 15 mm. Microspheres (Invitrogen) of 
20 to 1000 nm were subsequently added into each well and electrophoresed for 30 
mins at 120 V. The distance that microsphere of each size with respect to the well 
bottom was subsequently tabulated and plotted with respect to microsphere size. The 
largest pore size was determined by finding the microsphere size at zero distance.  
3.4.5 Image processing and data acquisition for binding capacity 
The microspheres with bound eGFP were observed using Zeiss LSM710 confocal 
microscopy with 63× 1.4 NA oil immersion objective lens. eGFP was excited at 488 
nm using Argon laser and emission spectra captured in the green region (500–530 nm). 
Microspheres were excited at 543 nm using Helium–Neon laser and emission spectra 
captured in the red region (558–615 nm). The intensity, gains and offsets used in taking 
each image were fixed. The number of red and green fluorescence pixels, for the 
microspheres and eGFP respectively, were extracted from the captured confocal 
images using MATLAB (The Mathwork Inc., Natick, MA). 
3.4.6 Particle-Tracking Microrheology 
Confocal time series images of fluorescent microspheres on one optical slice were 
collected using Zeiss LSM710 confocal microscopy with 63× 1.4 NA oil immersion 
objective lens at a magnification of ~250 nm/pixel and a frequency of 4 frames per 
seconds (fps). Microspheres were excited at 543 nm using Helium–Neon laser and 
emission spectra captured in the red region (558–615 nm). All measurements were 
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conducted in a temperature-controlled chamber at 37˚C. Intensity, gains, and offsets 
were adjusted to maximize signal-to-noise ratio and to prevent intensity saturation that 
can compromise the accuracy of particle localization. 
After image acquisition, subsequent probe tracking and extraction of 
microrheological data were performed using MATLAB (The Mathwork Inc., Natick, 
MA). Briefly, the point spread function in each image was approximated to be 
Gaussian and the positions of the microspheres were identified by using 
two-dimensional Gaussian least square fitting [247] with a spatial resolution of at least 
10 nm (as determined in Figure 3.15). Aggregated microspheres and debris were 
subsequently eliminated using a semi-automated subroutine. The microspheres 
positions were subsequently correlated in time to generate the trajectories of 
microspheres motion. Sample drift as indicated by synchronized movement of the 
microspheres was numerically removed by eliminating any non-random trajectory 
element. The MSD of each microsphere was calculated from the generated trajectory 
and the elastic 𝐺′and loss 𝐺′′ moduli obtained using the method introduced in section 
1.2.2. Error bars presented in the figures were determined by taking the standard 
deviation of the MSD values of all the tracked microspheres, at the specified lag time. 
The main results and conclusions presented were not affected by using standard 
deviation in the error analysis even though the differences in the number of 
independent measurements for each time lag were not accounted for, such as by 
Valentine et al [198]. 
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Figure 3.15: MSD against time lag of individual and ensemble-averaged 
surface-immobilized NHS- microspheres. The tracking resolution of the confocal 
microscopy was determined at τ of 0.24 seconds, 
using√< ∆𝑟2(𝜏) > =  √< |𝑟(𝑡 + 𝜏) − 𝑟(𝑡)|2 >, to be ~ 10 nm. 
3.4.7 Cell culture and preparation of cell-embedded collagen gel 
C6 rat glioma cells were cultured in DMEM supplemented with 10 (v/v) % fetal 
bovine serum (FBS) and 1 (v/v) % penicillin-streptomycin antibiotics. Cells were 
maintained at 37oC, 5 %CO2 and subcultured at 80 % confluent. 
To prepare collagen gel loaded with dispersed cells for confocal imaging, cell 
suspension at a density of 3 × 104 cells/ml in DMEM was mixed with gel at a ratio of 1 to 
20 (total number of cells in 100 µl of mixture is 1500). The collagen-cell mixture was 
poured onto the glass-bottom petri dish and incubated at 37oC for 1 hour. Fresh DMEM 
was added on top of the gel subsequently and changed every two days. Particle-tracking 
were carried out 24 hours after gelation. 
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Chapter 4: Glioma cells invasion and effect 
on local network mechanics 
4.1 Introduction 
4.1.1 Use of PTM in the study of cancer cell invasion mechanisms in vitro 
As discussed in Section 1.2 and Section 3.1, the rheological properties of 
biopolymers used in cell behavioral studies currently are mostly quantified using 
macrorheology technique. However, macrorheology is unable to elucidate the effect of 
local network mechanics on individual cell and vice versa. For example, we have used 
macrorheology in Chapter 2 to show that concerted network strain-softening is 
observed in collagen under shear in regime typically known to be linear. At the 
individual cell level, the generation of traction forces by cells (representative of shear 
straining) on the surrounding ECM also leads to both networks strain-stiffening and 
strain-softening. The prudent use of these two mechanisms by individual cell can only 
be identified by measuring the local network mechanics using microrheological 
techniques, such as particle-tracking microrheology (PTM).  
In Chapter 3, a new method involving the use of covalently-bound microspheres 
in PTM to reliably measure the local network mechanics of biopolymers was 
introduced. In this chapter, this new method together with standard cell biology 
techniques were used to demonstrate the importance of both physical and biological 
cues of the ECM in influencing cell behaviors, such as cell invasion. Furthermore, the 
importance of using 3D biopolymer cell culture and the analyses of different 
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biopolymers in understanding the importance of physical and biochemical cues on 
cancer cell invasion were discussed. From these studies, U-251 MG glioma cells 
resistant to TMZ were found to be more invasive than parental non-TMZ treated cells. 
Both MMP 13-mediated and MMP 2-integrin alpha V-mediated mechanisms were 
involved in the invasion behavior of the TMZ-resistant U-251 MG glioma cells. 
4.1.2 Glioblastoma multiforme tumor 
Glioblastoma multiforme (GBM) is the most malignant form of primary brain 
tumors and patients diagnosed with GBM have a median survival time of 15 months, 
even with the current best available therapy of surgical resection, chemotherapy and 
radiotherapy [248,249]. One key reason for the dismal prognosis is the diffuse 
infiltration of single tumor cell into the brain parenchyma by aberrant interaction with 
the extracellular matrix (ECM) components in the brain, rendering complete surgical 
removal of tumor cells impossible. These tumors inevitably recur within the brain and 
are often composed of glioma cells that are resistant to standard chemotherapy 
[250-252]. The chemoresistant glioma cells are further found to be more aggressive as 
compared to parental cells [250]. Unravelling the molecular mechanisms for the 
migrative and invasive behaviours of chemoresistant glioma cells may thus not only 
provide prognostics markers but also serve as candidate therapeutic targets for 
treatment of glioma. 
Temozolomide (TMZ), a DNA alkylating agent that introduces DNA damage in 
proliferating tumor cells, is the leading chemotherapeutic drug for glioma. Clinical use 
of TMZ has shown to significantly prolong the survival of patients diagnosed with 
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GBM and extended the progression-free period [253,254]. However, the prolonged use 
of TMZ has been proven to lead to intrinsic or acquired chemoresistance of the glioma 
cells in recurrent tumors [255-257]. The increased aggressiveness of these 
chemoresistant glioma cells further presents a major obstacle to GBM therapy [250]. 
Although the importance of understanding glioma cells invasion is widely 
acknowledged [258-260], the processes involved in invasion of TMZ-resistant glioma 
cells are far from understood. Various predictable molecular pathways have been 
suggested to play a role in glioma invasiveness, such as integrins and matrix 
metalloproteases (MMPs) [259,261-263]. However, the involvement and significance 
of these pathways in recurrent glioblastoma have yet to be reported. 
 Cancer cell invasion involves modulation of tumor cell adhesion and 
extracellular matrix (ECM) degradation [40,264]. The invasiveness of glioma cells is 
mediated by the interaction of the glioma cell with the ECM through a large group of 
heterodimeric surface receptors, known as integrins. Integrins serve to link up the 
ECM and cytoskeleton proteins, resulting in remodeling of the cell cytoskeleton and 
formation of focal adhesions at the invading front. The leading edge of cell 
subsequently exerts traction force on the local environment to create a stiffer local 
environment, which facilitates cell invasion [265-267]. Therefore, integrins have 
attracted extensive attention as potential therapeutic targets in cancer [268,269]. 
Progression to high-grade glioma from low-grade glioma is found to be accompanied 
by increased expression of αvβ3 and αvβ5 integrins in glioma samples [268,270]. 
However, using an αvβ3 and αvβ5 integrin inhibitor, Cilengitide [271], did not 
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significantly increase the overall survival of GBM patients treated with the standard 
therapy in a Phase III clinical trial. Several preclinical studies have thus sought to 
understand the antitumor effect of administering Cilengitide in combinatorial treatment 
regimens, such as with TMZ [261,272,273]. However, the expression profile of these 
integrin receptors in TMZ-resistant glioma cells remains unknown.  
 In cancer invasion, the surface receptor proteins function through a concerted 
mechanism with ECM degrading proteinases. ECM degrading proteinases are 
categorized into 3 classes: MMPs, cysteine proteinases and serine proteinases. 
Dysregulation of specific MMPs is closely associated with glioma progression. Glioma 
cells are found to secrete elevated level of MMP 2 and MMP 9 as compared to 
low-grade brain tumors and normal brain tissue [259,274]. The expression of these 2 
MMPs are considered the hallmark in determining tumor progression and the degree of 
GBM malignancy [275,276]. However, the involvement of other MMPs in the biology 
of TMZ-resistant glioma cells remains unknown. The importance of identifying 
specific MMP that regulates invasion of TMZ-resistant glioma cells is that this will 
avoid the use of broad spectrum MMP inhibitors which is known to produce 
dose-limiting side effects, limiting clinical applications [277-279]. Characterizing the 
MMPs expression profile in TMZ-resistant glioma cells is thus crucial so as to enable 
the design of more appropriate MMP-based therapeutic regime. In addition, the failure 
of integrin and MMP inhibitors in combinatorial treatment with standard GBM therapy 
suggested the importance of re-evaluating the involvement of these pathways in 
recurrent tumors, especially in TMZ-resistant glioma cells.  
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4.2 Results and Discussion 
4.2.1 Morphology of TMZ-sensitive and resistant U-251 MG glioma cells 
U-251 MG glioma cells were exposed to increasing concentrations of 
Temozolomide (TMZ) stepwise for 6 months until stable concentration-dependent 
resistant phenotypes were observed. The resistant variants showed strong resistance to 
subsequent passages under the same TMZ condition with no difference in proliferation 
between the parental, 10 μM and 160 μM cells until 24 hours post-seeding, as shown in 
Figure 4.1. This indicated that the glioma cells required 24 hours for adaptation and 
subsequent experiments were analyzed at least 24 hours post-seeding. Distinct changes 
in cellular morphology were observed by confocal (Figure 4.2, upper panel) and bright 
field microscopy (Figure 4.2, lower panel) between parental and TMZ-resistant U-251 
MG glioma cells. Glioma cells were double-labelled with Gelsolin (green), β-tubulin 
(red) antibodies and stained for cell nucleus (blue) in the immunofluorescence confocal 
imaging. Parental glioma cells displayed epithelial cell shape while spindle-shape 
morphology was more apparent for glioma cells resistant to high concentration of TMZ. 
In addition, a distinct shrinkage of the cytoplasm can be observed with resistance to 
increasing concentrations of TMZ. 
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Figure 4.1: Effect of TMZ-resistance on U-251 MG glioma cell proliferation measured 
by BrdU incorporation assay. Data were expressed as mean ± SEM n = 3 for each 









Figure 4.2: Morphology of parental, 10 µM and 160 µM TMZ-resistant U-251 MG cell 
line imaged using confocal (upper panel) and bright field (bottom panel) imaging. 
Magnification bar = 20 µm. Cell nucleus was stained with Hoechst 33342 (blue), 
gelsolin (green) and α-tubulin (red) in the upper panel. 
4.2.2 Migrative and invasive capability of parental and resistant variant cells 
As the distinct difference in cellular morphology between parental and 
TMZ-resistant variants may be involved in the aggressiveness of the U-251 MG 
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glioma cells, the migration capacity of the glioma cells were examined using wound 
healing assay (Figure 4.3a) and transwell experiments (Figure 4.3b). Indeed, gap 
closure was observed only for 160 µM TMZ-resistant glioma cells after 30 hours. 
TMZ-resistant glioma cells (160 µM) were further found to be more aggressive than 10 
µM TMZ-resistant glioma cells. This finding was confirmed by the transwell 
experiments where highest number of 160 µM TMZ-resistant glioma cells was found 
at the bottom of the collagen gels after 48 hours of invasion as compared to parental 
and 10 µM TMZ-resistant glioma cells. The transwell experiments were conducted 
using collagen type I, one of the abundant components in brain extracellular matrix 
(ECM) [280]. These results suggested an alteration in glioma mobility behavior as the 
cells acquired TMZ resistance. 
 
Figure 4.3: Aggressiveness of TMZ-resistant U-251 MG glioma cells compared to 
parental using (a) scratch assay and (b) transwell invasion. 
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4.2.3 TMZ-resistant cells showed differential MMPs and FAPs expression 
To elucidate the mechanisms underlying the increased aggressiveness of 
TMZ-resistant U-251 MG glioma cells, the mRNA expression levels of matrix 
metalloproteases (MMPs) and proteins involved in cell-ECM interactions in both 2D 
and 3D cell cultures were profiled using quantitative RT-PCR (Figure 4.4). No 
statistical difference in the mRNA and protein expression of MMPs and cell-ECM 
interaction proteins were observed in 2D cell culture between parental and 
TMZ-resistant glioma cells. Relative expressions of MMP and cell-ECM interaction 
proteins measured by RT-PCR were normalized to ribosomal protein S2 (RPS2) [281]. 
Conversely, the mRNA expression levels of specific MMPs and focal adhesion 
complex proteins (FAP) were up-regulated significantly in the presence of a 3D ECM 
network for TMZ-resistant glioma cells. Gradual increments of MMP 1, MMP 7, and 
MMP 13 (p < 0.01) were observed as cells acquired resistance to higher dose of TMZ. 
Specifically, the mRNA expression level of MMP 13 was ~4 and ~20 fold higher for 
10 µM and 160 µM TMZ-resistant U-251 MG glioma cells as compared to non-TMZ 
treated parental cells respectively. The mRNA expression levels of FAP (ITGAV, PTK2 
and PXN) were up-regulated by at least 5 folds for TMZ-resistant glioma cells. These 
up-regulations of MMPs and FAP for TMZ-resistant U-251 MG glioma cells provided 
an explanation to the aggressive behavior of the cells presented in Figure 4.3. The 
elevated expressions of MMPs was correlated to an increased degradation of collagen 
by 160 µM TMZ-resistant U-251 MG glioma cells compared to 10 µM TMZ-resistant 
cells when cultured in 3D network after 48 hours (Figure 4.5). The elevated 
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expressions of FAP correlated to the formation of cell protrusions by altering the 
dynamics of actin cytoskeleton network as presented in Figure 4.6 [282]. Staining of 
actin network by using FITC-phalloidin in 160 µM TMZ-resistant U-251 MG glioma 
cells embedded in 3D collagen gels showed the development of cell protrusions not 
found in parental and 10 µM TMZ-resistant U-251 MG glioma cells. Although further 
characterization is needed to confirm the identity of these protrusions, these structures 
highly resembled the invadopodium (pink arrow) and filopodium (white arrow) [283]. 
Filopodium, formed in normal and cancer cells, are associated with mobility and 
sensing environmental cues. Invadopodium, formed only in cancer cells, functions to 
mediate matrix degradation and invasion. 
 
Figure 4.4: Differential expressions of MMPs (upper panel) and focal adhesion 
proteins (lower panel) in parental and TMZ-resistant U-251 MG glioma cells 
quantified using RT-PCR. . Graphs were presented as mean relative ratio to parental 
cells for both 2D and 3D cell culture from biological triplicates + SEM (p<0.05). 
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Figure 4.5: Increased collagen degradation by 160 µM TMZ-resistant U-251 MG 
glioma compared to 10 µM cells when cultured in 3D collagen matrix 
 
Figure 4.6: Representative image of distinct protrusions by 160 µM TMZ-resistant 
U-251 MG glioma cells cultured in collagen gels 
4.2.4 Spatial distribution of stiffness around cells 
The formation of cell protrusions through expression of FAP is associated with the 
generation of traction forces by the cells on the surrounding ECM, potentially forming 
a local stiffer microenvironment [265]. To investigate the involvement of the cell 
protrusions in U-251 MG glioma cell invasion, particle tracking microrheology (PTM) 
with covalently-bound microspheres, as introduced in Chapter 3, was used to measure 
the local microenvironment mechanics around the cells [284]. PTM with 
covalently-bound microspheres was used as individual probe data can be used for 
analysis and conventional ensemble-averaged measurement is not required [285]. 
Amine-group reactive fluorescent microspheres were co-dispersed with glioma cells 
into collagen gels prior to gelation. The dispersed microspheres were segmented into 3 
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categories: attached on surface of cells (indicated as 1 in Figure 4.7a), attached on 
collagen fibers that were directly and indirectly interacting with cells (indicated as 2 
and 3 respectively). The Brownian movements of the microspheres when tracked over 
time were an indicator of the local mechanics. As the deviation of mean-squared 
displacement (MSD) between NHS-microspheres embedded in the same collagen 
concentration was low, as shown in Figure 3.9, 4 individual microspheres for the 3 
different regions were tracked. The collagen fibers with direct interaction with cells 
were found to increase in stiffness, as indicated by the decreasing MSD from parental 
to 160 µM TMZ-resistant cells, i.e. with increasing TMZ-resistance (Figure 4.7b, left 
panel). Conversely, no differences in stiffness of the collagen fibers in regions where 
there was no direct interaction with the glioma cells were observed (Figure 4.7, right 
panel). These results indicated the increased expression of FAP in TMZ-resistant 
U-251 MG glioma cells, as presented in Figure 4.4, may potentially increased the 
traction forces generated by the cells, leading to a stiffening of collagen fibers that 
were interacting with the cells and may subsequently increased invasion capacity. 
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Figure 4.7: (a) Representative phase-contrast images of 160 µM TMZ-resistant U-251 
MG glioma cells cultured in 3D collagen gels with selected microspheres for local 
mechanics measurements. Tracked microspheres attached on surface of cells, attached 
on collagen fibers that were directly and indirectly interacting with cells are indicated 
with 1, 2 and 3 respectively. Magnification bar = 10 µm. (b) Ensemble-averaged 
mean-squared displacements (MSD) of at least 4 tracked microspheres for each 
condition measured at 4.1 rad/sec using particle-tracking microrheology with 
covalently-bound microspheres. 
4.2.5 Three-dimensional collagen environment is required for aggressiveness 
of TMZ-resistant glioma cells 
The differential expression profiles of MMPs and FAP for the U-251 MG glioma 
cells in 2D and 3D culture conditions may potentially be due to 
microenvironment-induced expressions of specific ECM-related genes to facilitate 
migration and invasion. To determine whether the TMZ-resistant glioma cells were 
primed to increase MMP 7 and MMP 13 mRNA levels, the expression levels of the 2 
mRNAs for parental and TMZ-resistant U-251 MG glioma cells at the top and base of 
collagen gels (Figure 4.8, left panel) in transwell experiments were quantified using 
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RT-qPCR after 48 hours of incubation (Figure 4.8, right panel). Comparing between 
base and top populations of the U-251 MG glioma cells, increased expressions of 
MMP 7 mRNA were found for all cell conditions at the base as compared to the top 
populations. However, MMP 13 mRNA level was higher in the base population of 
parental and 10 µM but not 160 µM TMZ-resistant U-251 MG glioma cells. We 
hypothesized that the high level of MMP 13 expression by160 µM TMZ-resistant 
U-251 MG glioma cells, as indicated by the expression level of the top population, was 
sufficient for the cells to invade through the collagen gels. This data suggested that not 
only in 3D cell culture environment, MMP levels can possibly be elevated when cells 
are in contact with the surface in 2D substrate-coated cell culture as well.  
 
Figure 4.8: (left) Schematic diagram illustrating the transwell experiment setup and 
(right) the total RNA of glioma cells at the top and base of the collagen gels were 
quantified using RT-PCR for MMP 7 and MMP 13. Graph was presented as mean 
relative ratio to parental cells at the top of collagen gel from biological triplicates + 
SEM (p<0.05). 
 To examine the effect of cell culture dimensionality and substrate-mediated 
MMP and FAP expressions, parental and TMZ-resistant U-251 MG glioma cells were 
cultured on the surface (2D) and within (3D) 3 different natural biopolymers: collagen, 
fibrin and matrigel (Figure 4.9). As mentioned in Chapter 1, these three selected 
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biopolymers were reported to influence cell behavior differently and have diverse 
interest in applications. Parental cells cultured on uncoated plastic culture surface 
(Plate-2D) were used as the control for the study. Significant enhancement of MMP 7 
and MMP 13 mRNA expressions were found in 3D but not 2D culture. In addition, 3D 
cell culture in collagen and matrigel but not fibrin resulted in the up-regulation of the 
expression of MMP 7 (20 to 80 fold higher compared to control) and MMP 13 (10 to 
30 fold higher compared control). These results demonstrated the differences in the 
effects of the physical cues and biopolymer selection on the regulation of MMP 
expressions for glioma cell invasion studies. 
 
Figure 4.9: Glioma cells were cultured on 2D coated surfaces or gels prepared with 
collagen (Col-2D/3D), Fibrin (Fib-2D/3D) and Matrigel (Mat-2D/3D). The mRNA 
expressions of MMP 7 (top panel) and MMP 13 (bottom panel) for each culturing 
condition were quantified by RT-PCR. Graphs were presented as mean relative ratio to 
parental cells cultured on Plate-2D from biological triplicates + SEM (p<0.05). 
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4.2.6 WAY 107523 and Cilengitide inhibit invasion of TMZ-resistant U-251 
MG glioma cells 
To validate the involvement of MMP 13 and ITGAV in the invasion of 
TMZ-resistant U-251 MG glioma cells, the inhibitory effect of WAY 170523 (MMP13 
specific) and Cilengitide (ITGAV specific) on cell invasion were examined using 
transwell invasion assay. SB-3CT, specific inhibitor for MMP 2 and MMP 9, was 
included in this study as these 2 MMPs are considered the hallmark in determining 
glioma progression. The results from specific pharmacological inhibition of MMP 13 
and ITGAV revealed the significant reduction in number of invaded cells through the 
collagen in transwell experiments after 48 hours of incubation (Figure 4.10, left panel). 
To quantify the number of invaded cells at the base of the collagen gels, the number of 
lighted pixels in each image from the staining of cells with Hoechst’s stain was 
tabulated and normalized to the total number of pixels in each image (Figure 4.10, 
right panel). Statistically lesser number of 10 µM and 160 µM TMZ-resistant U-251 
MG glioma cells were found at the base of the collagen gels when treated with WAY 
170523 as compared to the control with no inhibitor. Statistically lesser number of cell 
were found in all the conditions treated with Cilengitide (* p<0.05). Furthermore, 
MMP 2 and MMP 9 inhibition by SB-3CT did not reduce the number of invaded cells 
for all cell conditions. These data suggested the involvement of ITGAV in invasion for 
all cell conditions and the critical role of specifically MMP 13 in the invasion of 
TMZ-resistant U-251 MG glioma cells.  
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Figure 4.10: Invasion capacities of parental and TMZ-resistant U-251 MG glioma cells 
with and without specific inhibitors. Left panel Representative images for each cell 
conditions and experiments were presented. Right panel The number of lighted to total 
pixels in each image was tabulated using Matlab coding to allow comparison across 
various treatment conditions. Graph presented average normalized number of pixels ± 
SEM from biological triplicates. Statistical significance was determined by Student’s 
t-test, * p < 0.05. 
4.2.7 MMP7 and MMP13 are expressed in clinical glioma samples 
To examine whether the expressions of MMP 7 and MMP 13 mRNA found in our 
in vitro tests were clinically relevant, we quantified the expressions of MMP 2, MMP 7, 
MMP 9, MMP 13 and ITGAV mRNA in 2 high-grade (HG), 2 recurrent high-grade 
(HGR) and 2 low-grade (LG) clinical human glioma samples (Figure 4.11). Similar to 
earlier findings, higher expressions of MMP 2 as compared to MMP 7 and MMP 13 
mRNA were found in all low grade and non-recurrent high grade glioma samples. 
However, higher MMP 7 and MMP 13 mRNA were found to be expressed in 1 of the 
recurrent glioma sample, HGR-2. In addition, 22 and 25 out of 26 clinical glioma 
samples were found to have higher MMP 7 and MMP 13 mRNA expressions compared 
to normal brain respectively (Figure 4.12).  
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Figure 4.11: Differential expressions of MMP2, MMP7, MMP13 and ITGAV mRNAs 
in 2 high-grade (HG-1/2), 2 high-grade recurrent (HGR-1/2) and 2 low-grade (LG-1/2) 
human glioma samples. Expression results were calculated from an average of 
technical duplicate. Graphs were presented as relative ratio to HG-1. 
 
Figure 4.12: Number of copies of MMP 7 and MMP 13 mRNA in 26 clinical glioma 
samples quantified using quantitative RT-PCR. The absolute copy numbers of RPS2, 
MMP 7 and MMP 13 mRNA in each sample were quantified using standard curve 
method. RPS2 and brain tissue were used as normalizer and control in the experiment 
respectively. Expression results were calculated from an average of technical duplicate. 
4.3 Discussion 
Standard treatment of patients with GBM involves a regime of concomitant and 
adjuvant chemotherapy with Temozolomide (TMZ). While the clinical use of TMZ has 
shown to significantly prolong the survival of patients diagnosed with GBM, 
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chemotherapy is eventually impaired due to intrinsic or acquired chemoresistance of 
the glioma cells to TMZ, assisting in tumor recurrence. In addition, the few options 
currently available for treatment of recurrent glioma are limited in efficacy [286]. 
Novel chemotherapeutic strategies that focus on destruction or limiting progression of 
the TMZ-resistant glioma cells will thus be essential. 
Single cell infiltration into the tumor microenvironment is commonly observed in 
recurrence of glioma. Of particular interest is the invasive capacity of the glioma cells 
after gaining TMZ-resistance as the data will conceivably suggest the rate of 
recurrence. As the morphology of glioma cells is an indicator of invasiveness 
[287,288], TMZ-sensitive parental and stable TMZ-resistant U-251 MG glioma cells 
were first imaged while cultured on 2-dimensional (2D) surface. Our data showed a 
distinct morphological difference between the parental and TMZ-resistant U-251 MG 
glioma cells, suggesting a difference in aggressiveness between the 2 cell types. Indeed, 
both concentrations of TMZ-resistant cells were found to be more migrative and 
invasive as compared to parental U-251 MG glioma cells.  
The invasion of glioma cells into the surrounding parenchyma is known to involve 
modulation of tumor cell adhesion and extracellular matrix (ECM) degradation. [289]. 
We first sought to elucidate the cell adhesion mechanism involved in the increased 
invasiveness of TMZ-resistant glioma cells. In addition to previous findings that 
integrin αV (ITGAV) is expressed in glioma cells, we found that TMZ-chemoresistant 
U-251 MG glioma cells expressed higher level of ITGAV mRNA as compared to 
TMZ-sensitive parental cells in the presence of a 3D ECM network. Furthermore, the 
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mRNA expression levels of the main kinase that is activated by ITGAV, focal adhesion 
kinase (PTK2), and the signal transduction adaptor paxillin (PXN) were found to 
increase with adaptation to higher doses of TMZ concentrations. The interaction of 
PTK2 with PXN regulates cell invasion in 3D ECM network through controlling the 
formation of actin cytoskeleton, cell protrusion and matrix deformation [290,291]. 
Indeed, staining of the actin in glioma cells cultured in 3D collagen network revealed 
the development of cell protrusions by 160 µM TMZ-resistant but not parental and 10 
µM TMZ-resistant U-251 MG glioma cells. Apart from low mRNA expression level, 
another possible reason for no cell protrusions observed in parental and 10 µM could 
be post-translational modifications such as phosphorylation of the focal adhesion 
proteins. The increased expressions of focal adhesion proteins by TMZ-resistant 
glioma cells conceivably lead to increased traction force generated by the cells [292]. 
We showed that the increased traction force measured using particle-tracking 
microrheology (PTM) with covalently-bound microspheres, as established in Chapter 1, 
subsequently led to stiffening of the adhered collagen fibers, facilitating the forward 
traction of the TMZ-resistant compared to parental U-251 MG glioma cells. This 
finding correlated with previous studies in which Collagen-I was detected in the 
interstitial connective tissue of tumor to function as pro-invasive guidance cue 
[293,294].This increased expressions of focal adhesion protein mRNAs is not observed 
when the glioma cells were cultured on standard 2D surface as focal adhesion proteins 
do not have direct role in controlling 2D cell motility [291].  
Apart from cell adhesion, ECM degradation also plays an important role in 
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modulating the invasiveness of cancer cells. While TMZ-sensitive glioma cells on 2D 
cell culture surface were found to secrete high level of MMP 2 and MMP 9 in previous 
studies, we found that the mRNA expression levels of MMP 7 and MMP 13 were 
higher for TMZ-resistant as compared to parental U-251 MG glioma cells in 
physiological relevant 3D cell culture. This difference in MMPs expression pattern of 
the TMZ-resistant U-251 MG glioma cells cultured in 2D and 3D condition suggested 
potential microenvironment-induced expressions of specific ECM-related genes to 
facilitate invasion. Indeed, we found that the MMP 7 and MMP 13 mRNA expression 
levels of U-251 MG glioma cells at the base were higher than cells at the top of the 
collagen gels in transwell experiments, indicating the expressions of MMP 7 and MMP 
13 by U-251 MG glioma cells were induced in the presence of an invasion 
microenvironment (i.e. 3D environment and collagen). Our results further showed that 
this induction of MMP 7 and MMP 13 by TMZ-resistant glioma cells were regulated 
by both the physical cue and biopolymer, which is in 3D collagen cell culture. We 
hypothesized that this up-regulation may also be similarly observed when these cells 
are grown in the presence of other distinct matrices within the brain, such as MMP 7 to 
versican and MMP 13 to perlecan [259]. 
The involvements of MMP 13 and ITGAV in the invasion of TMZ-resistant U-251 
MG glioma cells were further validated by using WAY 170523 (specific MMP 13 
inhibitor) and Cilengitide (specific ITGAV inhibitor). Our results indicated that ITGAV 
was involved in invasion for all cell conditions while MMP 13 played a critical role in 
the invasion of TMZ-resistant U-251 MG glioma cells only. Conversely, the number of 
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invaded TMZ-resistant glioma cells at the base of collagen gels did not change in the 
presence of specific inhibitors, SB-3CT, of the commonly reported MMP 2 and MMP 9 
[295]. We then searched for clinical relevance by profiling the mRNA expression 
levels of MMPs and ITGAV in 2 high-grade, 2 recurrent high-grade and 2 low-grade 
clinical glioma samples. Our results indicated higher expression of MMP 2 as 
compared to MMP 7 and MMP 13 for all high-grade and low-grade clinical samples, 
which was similar to previous findings with TMZ-sensitive tumors [259,296]. 
However, higher MMP 13 mRNA expression was found in 1 of the 2 recurrent 
high-grade clinical glioma sample while higher expressions of MMP2 and ITGAV in 
the other. To our knowledge, no other studies have reported the existence of 2 different 
regulatory mechanisms of invasion in TMZ-treated recurrent glioma. The 
MMP7-MMP13 ECM degradation mediated invasion was also previously found in 
mammary Paget’s disease [297] and the MMP2-ITGAV mediated invasion in human 
melanoma [298]. While the MMP2-ITGAV mediated invasion has been reported 
extensively, no study was done on the expression of MMP 13 in clinical glioma 
samples. Our results indicated the expression of MMP 13 mRNAs in all 26 high-grade 
and 3 low-grade clinical glioma samples while no expression was observed in normal 
brain.  
In summary, this study introduced an alternative MMP 13-mediated invasion in 
human TMZ-resistant glioma cells and the results validated in clinical glioma samples. 
Furthermore, we showed that ITGAV facilitated TMZ-resistant glioma cells invasion 
possibly through the concerted interplay with MMP 2. In addition, we presented the 
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importance of using physiological relevant 3D cell culture with different biopolymers 
to elucidate mechanisms involved in cancer cell invasion. These results indicated the 
importance of developing novel therapeutic options, involving the understanding of 
these 2 invasion mechanisms, for patients with recurrent GBM. 
4.4 Outlook 
In this chapter, we demonstrated that (i) 3D cell culture is required to provide 
physical cues for cancer cell invasion, (ii) different biopolymers used in the 3D cell 
culture scaffold may have different influence on cell behavior, possibly due to different 
biochemical signals or mechanical properties, (iii) the active deformations of the local 
biopolymer network, through generation of traction forces by cell as measured by the 
method established in Chapter 3, facilitates invasion, and (iv) the combination of 
biological and mechanical techniques is capable of fully elucidating cell mechanisms. 
The study described herein laid the foundation for the analyses of TMZ resistant 
glioma cells in 3D culture. Future studies involving understanding cell behaviors 
should thus consider the influence of physical and biochemical cues through the use of 
3D cell culture and different biopolymers. In addition, the established method in 
Chapter 3, can now be used to track the mechano-properties of the network 
surrounding these resistance cells when treated with pharmacological agents in greater 
detail. It is obvious that the methods used herein extend beyond this study and can be 
used in applications involving the understanding of the influences of the local network 
mechanics on cell behaviors, such as differentiation and proliferation.   
Chapter 4: Glioma cells invasion and effect on local network mechanics 
 125 
4.5 Materials and Methods 
4.5.1 Cell culture 
U-251 MG cell line was cultured in 10 % HycloneTM fetal bovine serum (FBS) 
(Thermo Scientific, Waltham, MA) DMEM supplemented with 100 U/ml penicillin 
and 0.1 mg/ml streptomycin in a humidified incubator at 37 oC and 5% CO2. The stable 
TMZ-resistant cells were generated by stepwise exposure (2.5, 5, 10, 20, 40, 80, 160 
µM) of parental U-251 MG glioma cells to Temozolomide (Sigma Aldrich, St. Louis, 
MO), with 15 passages between each step. Human glioma tissues used in this study 
were provided courtesy of Dr. Sharon Low Yin Yee (Neurosurgery, Singapore General 
Hospital, DSRB number 2012/00671). SB-3CT (Sigma Aldrich, St. Louis, MO), WAY 
170523 (Tocris Bioscience, Bristol, UK) and Cilengitide (Medchemexpress LLC, 
Princeton, NJ) inhibitor were added to the cell culture medium at 10 µM, 500 nM and 
100 nM respectively for the functional study experiments. 
4.5.2 Preparation of cells in collagen with embedded microspheres 
Appropriate amounts of the 10.74 mg/ml stock collagen solution (BD Biosciences, 
Bedford, MA) or 9 mg/ml stock matrigel solution (Sigma Aldrich, St. Louis, MO), to 
obtain desired concentration of 2 mg/ml, were mixed on ice with 10× PBS, 1 µl of 
NHS-microspheres and 1 M sodium hydroxide (NaOH) to adjust pH to 7.4. Fibrinogen 
(Sigma Aldrich, St. Louis, MO) at 7 mg/ml and thrombin (Sigma Aldrich, St. Louis, 
MO) at 100 U/ml were mixed at 1 to 1 ratio to obtain 100 µl of 2 mg/ml gel mixture. 
Phenol-red-free DMEM, with and without suspended cells, was subsequently added to 
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each gel mixture to obtain the desired total volume of 200 µl. The mixture was poured 
onto 48-well plate and incubated at 37oC for 1 hour.  
4.5.3 BrdU cell proliferation assay 
Glioma cells (5000 cells/well) were seeded in 96-well plates and allowed to 
adhere overnight. The cells were subsequently starved for 24 hours by changing the 
culture media to DMEM with 1 % FBS. The BrdU cell proliferation assay was 
performed according to the manufacturer’s protocol (BD Diagnostics, Sparks, MD). 
Absorbance was measured at 450 nm using SunriseTM microplate reader (Tecan Group 
AG, Männedorf, Switzerland). Cell proliferation was calculated relative to parental 
U-251 MG glioma cells. Experiments were performed twice in biological triplicates. 
4.5.4 2D migration experiment 
The 2D migration experiments were performed using culture inserts (ibidi, 
Planegg - Martinsried, Germany). Briefly, the culture inserts were UV sterilized and 
inserted on the culture surface of 12-well plate. Glioma cells at 1 x 105 cells per well of 
the insert were seeded and allowed to adhere overnight. The culture inserts were 
subsequently removed and additional 1 ml of culture media added into each well of the 
plate. The cells were incubated for 30 hours to allow gap closure before imaging using 
Zeiss Axiovert 25 microscope (Zeiss, NY, USA) at 10× 0.25 NA objective lens. 
Experiments were performed twice in biological duplicates. 
4.5.5 Transwell invasion 
The transwell invasion experiments were performed using transwell permeable 
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supports with 8 μm pore size (Corning, Tewksbury, MA). Briefly, 100 µl of collagen at 
2 mg/ml were added to each insert and allowed to gel at 37oC for 1 hour. Glioma cells 
starved overnight with serum-free DMEM were subsequently seeded on the top of the 
collagen at 3 x 105 cells per insert. The cell-seeded inserts were added into 24-well 
plate with 600 µl of DMEM with 20 %FBS and incubated for 48 hours. The collagen 
gels were gently removed and invaded cells at the bottom of the gel were stained with 
Hoechst 33342 (Sigma Aldrich, St. Louis, MO). Experiments were performed twice in 
biological duplicates. 
4.5.6 Immunocytochemistry staining  
Cells were plated on or embedded in collagen at 2 mg/ml in 8-well chamber glass 
slides (Becton Dickinson, Franklin Lakes, NJ) at 1 × 105 cells per well and incubated 
for 48 hours. The cells were first fixed using 4 % paraformaldehyde (Sigma Aldrich, St. 
Louis, MO) for 20 minutes, then washed once in 1× phosphate buffered saline (PBS) 
for 5 minutes. Cells stained for intracellular markers were blocked and permeabilized 
in 0.5% Triton X-100 (Sigma Aldrich, St. Louis, MO), 1 % bovine serum albumin 
(BSA) (Sigma Aldrich, St. Louis, MO) and 1× PBS for 30 minutes at 37 °C. Staining 
with gelsolin primary antibody (Abcam, Pak Shek Kok, New Territories, Hong Kong) 
and β-tubulin (Thermo Scientific, Waltham, MA ) was performed overnight at 4 °C at a 
concentration of 1:200. Cells were washed twice for 5 minutes each, then stained with 
secondary antibody conjugated to Alexa Fluor 488 or 546 at a concentration of 1:100 
for 1 hour at 37 °C. Cells were washed to remove unbound secondary antibody, then 
stained with Hoechst 33342. Slides were imaged using Zeiss LSM 710 confocal 
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microscope with 63× 1.4 NA oil immersion objective lens (Zeiss, NY, USA). 
4.5.7 Quantitative RT-PCR 
Whole cell was homogenized in Trizol reagent (Sigma Aldrich, St. Louis, MO) 
using a tissue tearor (BioSpec Products Inc, Bartlesville, OK). Chlorofoam at 0.1 ml 
per 0.5 ml of Trizol reagent was subsequently added and the samples centrifuged at 
15,000 ×g for 10 minutes. The mRNA from the top aqueous phase was precipitated by 
mixing with 100 % ethanol at 3 times the volume. The samples were centrifuged at 
15,000 ×g for 20 minutes. The RNA pellet were subsequently washed twice with 70 % 
ethanol and centrifuged at 15,000 ×g for 5 minutes each time. The pellet was air-dried 
and resuspended in diethyl pyrocarbonate (DEPC) – treated water. The RNA was 
quantitated by nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA). 
Total RNA was then converted to cDNA by random hexamer priming and 
ImProm-IITM reverse transcriptase (Promega Corporation, Madison, WI) using 500–
1000 ng RNA per reaction. Real-time PCR was performed on Biorad iCycler 4 
Real-Time PCR Detection System (Bio-Rad, Hercules, CA) using SYBR Green I. 
Real-time PCR was performed after an initial denaturation for 10 min at 95°C, 
followed by 40 cycles of 30 s denaturation at 95°C, 30 s annealing at 60°C, and 30 s 
extension at 72°C. Fluorescent detection was performed at the annealing phase. Melt 
curve analysis was carried out at the end of the cycling to confirm that a single product 
had been amplified. The reaction was performed in a total volume of 25 μl in 1× 
XtensaMix-SG (BioWORKS, Singapore), containing 2.5 mM MgCl2, 10 pmol of each 
primer, and 0.5 U of KlearTaq Hotstart DNA polymerase (KBioscience, UK). All 
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real-time PCR quantification was performed simultaneously with a non-template 
control. Ct values were normalized to expression levels of ribosomal protein S2 (RPS2) 
and displayed as relative expression units. The primers used in this study are presented 
in Figure 4.13. 
 
Figure 4.13: List of oligonucleotide primer sequences used for quantitative RT-PCR 
4.5.8 Western blot 
Glioma cells were lysed by vigorous beating using 100 µm glass beads in 2 % 
sodium dodecyl sulphate (SDS) (Sigma Aldrich, St. Louis, MO) for 1 hours and 
supernatant collected. The protein concentrations were determined using BCA protein 
assay (Thermo Fischer Scientific, Rockford, IL). Lammeli sample buffer (Bio-Rad, 
Hercules, CA) was added to the protein samples and the proteins denatured by heating 
to 95 oC for 5 minutes. Total protein sample of 25 μg was electrophoresed through 10 % 
resolving polyacrylamide gel (Bio-Rad, Hercules, CA) and electro-transferred to 
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Immuno-Blot PVDF membrane (Bio-Rad, Hercules, CA). Membranes were probed for 
MMP 7 (1:500; Pierce, Rockford, IL), MMP 13 (1:500; Pierce, Rockford, IL) and 
ITGAV (Sigma Aldrich, St. Louis, MO) antibodies, actin (1:5 000; Sigma Aldrich, St. 
Louis, MO) or β-tubulin (1:5 000; Sigma Aldrich, St. Louis, MO) in Tris-buffered 
saline (TBS) containing 1% low-fat milk and 0.1 % Tween-20 overnight at 4 °C. 
Secondary antibody was horseradish peroxidase (HRP)-goat anti-rabbit or anti-mouse 
IgG (1:10 000; Thermo Fischer Scientific, Rockford, IL) incubated for 1 hour at room 
temperature. Blots were developed with ImmobilonTM Western (Millipore, Billerica, 
MA) and imaged using the ChemiDocTM MP Imaging System (Bio-Rad, Hercules, 
CA). 
4.5.9 Particle-Tracking Microrheology 
To measure the network stiffness, the positions of the embedded covalently-bound 
microspheres in collagen gels were recorded using confocal microscopy at frame rate 
of 4 Hz for 500 frames. The use of covalently-bound microspheres to reliably measure 
local network mechanics in particle-tracking microrheology is established previously 
[285]. The point spread function in each image was approximated to be Gaussian and 
the positions of the microspheres were identified by using two-dimensional Gaussian 
least square fitting with a spatial resolution of at least 10 nm. A semi-automated 
subroutine was also written to eliminate undesired features, such as aggregated beads 
and debris, and to select desired microspheres for stiffness measurement around the 
glioma cells. The microspheres positions were subsequently correlated in time to 
generate the trajectories of microspheres motion. The mean-squared displacement 
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(MSD), as a function of lag time τ, of each microsphere was calculated using < ∆r2 (τ) > 
= < | r (t + τ) – r (t) |2 >, where r (t) denotes the microsphere position and the angled 
brackets indicated an average over time t. 
4.5.10 Statistical evaluation 
Statistical significance was evaluated using the Student’s t-test with an alpha of 
0.05 as a threshold for statistical significance. 
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Chapter 5: Conclusions and Outlook 
5.1 Summary 
The microenvironment plays a crucial role not only in human development by 
guiding stem cell fate and tissue organization, but also contributes to disease 
pathological processes such as tumor progression and metastasis. In order to gain a 
better understanding of the organization and dynamics of the enormous complexity of 
the cellular microenvironment, an interdisciplinary research approach using concepts 
derived from variety of disciplines, ranging from computational mathematics to 
engineering to biology is required so as to advance biological understanding and guide 
new therapeutic strategies. This thesis has shown the importance of looking at the cell 
microenvironment from multiple perspectives and at multiple length and time scales. A 
unifying theme of this work is that a combination of different mechanical 
characterization techniques, from experimental rheology, microrheology to 
computational and theoretical modeling, can yield powerful insights into the inner 
workings of biopolymers, important components of the microenvironment. This thesis 
started with a detailed study of the mechanical behavior of collagen networks, the key 
biopolymer found in cell microenvironment, in different strain levels as well as length 
scale through correlating the observed behavior to microstructural deformations and 
defined a model to correlate the microstructural deformations to overall mechanical 
behavior. Although bulk macrorheology is the de facto technique for characterizing 
bulk properties, it remains relatively mute on the local micromechanics largely due to 
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the limitation of the technique and the existence of an inherent heterogeneity of 
biopolymers. In the second half of this thesis, a robust microrheology technique was 
developed to derive reliable characterization of inhomogeneous networks and showed 
the importance of reliable, single-probe measurements in mechanotransduction and 
cell-signaling studies.    
In the work of macrorheology of collagen networks described in Chapter 2, proper 
interpretations of rheological measurements were demonstrated to enable the 
elucidation of the manifestation of microstructural deformations within the network 
and consequently defining the overall mechanical behavior. The chapter started with 
the analysis of the network response to strain amplitude-dependent oscillatory shear 
deformation and three distinct regions of nonlinear behaviors with increasing strain 
loading were found, including an unexpected strain-softening behavior in the 
supposedly linear viscoelastic regime. By examining the reversibility and temporal 
evolution of the mechanical properties of the networks through the use of different 
measurement protocols, the hierarchy in microstructural deformations of collagen 
networks with increasing shear strain loading was elucidated. Subsequently, a compact, 
nonlinear viscoelastic model that can characterize the dominant deformation in each 
nonlinear region through its parameters was derived and the model was applied to 
elucidate the hierarchy in microstructural deformation of skin tissue subjected to shear 
loading. Thus, a significant contribution of this work was to unravel previously 
unidentified hierarchy in microstructural deformation of biopolymers under increasing 
shear loading and derived a simple model which allowed easy adaptation to decipher 
Chapter 5: Conclusions and Outlook 
 134 
the main deformation mechanisms involved in biological tissues. 
Although macroscopic measurements can provide a representation of the 
microstructures of biopolymers, the representation is yet incomplete. Short-scale 
mechanics and material heterogeneity play a crucial role in the overall elasticity of 
semiflexible biopolymer networks as well. Consequently, a robust method using 
permanently-bound microspheres in passive, particle-tracking microrheology (PTM) to 
measure microscale network mechanics was established in Chapter 1 3. The chapter 
begun by introducing the limitations of the current PTM technique, specifically 
cage-hopping, slippage, steric-hindrance and the requirement of having probe size 
bigger than network mesh size, which resulted in unreliable single-probe 
measurements and limited its adoption in biological studies. Through the use of 
surface-modified microspheres that can covalently bind to amine groups on 
polyacrylamide and collagen networks, permanently-bound microspheres was found to 
provide more reliable measurements of network mechanics as compared to standard 
carboxylated probes. In addition, appropriate surface modification of the microspheres 
was demonstrated to circumvent the requirement of using microspheres larger than the 
network mesh, an approach typically considered to be ideal. The importance of this 
method was demonstrated by applying it to two biological applications, which have not 
been feasible to date, due to the limitations of current PTM technique. The advent of 
this method enabled the elucidation of spatial distribution of local micromechanics 
around migratory cells and cell-to-cell communication via mechanotransduction. 
PTM with covalently-bound microspheres was used to facilitate the elucidation of 
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invasion mechanisms in drug-resistant glioma cells in Chapter 4. Interestingly, the 
elevation of integrin alpha V in Temozolomide-resistant glioma cells facilitated 
invasion in 3-dimensional collagen network through generation of traction forces by 
cell as measured by PTM with covalently-bound technique. This work was the first to 
quantify the spatial distribution of local micromechanics and identify its importance to 
an invading cancer cell, which has been hitherto correlated using realignment in the 
collagen fibers only. It is obvious that the PTM used herein can be used in applications 
involving the understanding of the influences of the local network mechanics on other 
cell behaviors, such as differentiation and proliferation, too. 
5.2 Future Directions 
In this section, potential new directions and possible avenues of research for the 
works in this thesis have been described. An extension is to exploit these methods (e.g. 
macrorheology, microrheology, computational modeling) for biological applications 
(e.g. cancer cell invasion, stem cell differentiation, tissue engineering cell 
regeneration). 
5.2.1 Hierarchical structure of microstructural deformations in other 
biopolymers and biological applications 
In this study involving macrorheological characterization of collagen networks, 
we learned how the microstructures of the network heavily determine the resulting 
nonlinear viscoelastic behavior. However, apart from collagen, other biomaterials are 
known to assemble microstructure within the network as well. It would be equally 
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interesting to study the structural and mechanical properties of these other biomaterials 
and its corresponding hierarchical structure of deformations when subjected to shear 
loading. These biomaterials are in fact often encountered. 
 Biological relevant networks, such as fibrin, fibronectin, actin and tubulin, 
have remarkable microstructure assembly with characteristics distinct from 
collagen.  
 Mammalian tissues with hierarchical microstructures, such as skin, muscle, 
bone and tendon.  
 Self-healing materials, such as nanotube gels, that can rejuvenate itself under 
deformation [299-301]. The self-healing property is one of the fundamental 
properties of living tissues that enable tissues to sustain repetitive damages. 
Understanding the temporal changes in microstructures of these self-healing 
materials under mechanical loading will facilitate the design of such materials 
for its expanding biological applications. For example, self-healing hydrogels 
that formed bonds instantly upon contact will be suitable for healing stomach 
perforations and implant materials with intermolecular chains that reorient 
upon loading will mimic the stiffening of muscles after exercising.  
 Natural and synthetic polymers that serve as scaffolds in tissue engineering and 
regenerative applications. 
While the implications of these biomaterials in biological field are far-reaching, 
the detailed and hierarchical microstructural deformations are still not well-understood. 
A combination of characterization techniques involving different length and time 
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scales, such as those introduced in this work, would likely facilitate the elucidation. In 
addition, establishing computational models with physiologically-relevant parameters, 
such as the nonlinear viscoelastic model in this work, would be useful in correlating 
mechanical behavior of human tissue to scaffolds for biological applications. For 
example, inter-fibril sliding and transient bond rearrangements are essential for 
mechanical stiffness reversibility at low shear strain. Thus, scaffolds designed for heart 
and blood vessels implants should permit such microstructural changes under normal 
physiological conditions.  
5.2.2 Defining and eliminating unreliable micromechanics measurements 
While a solution to circumvent the limitations of conventional PTM have been 
worked out in Chapter 3, further studies should be performed to establish a criteria of 
validity of a single-probe measurement in any heterogeneous system. In particular, 
future studies are expected to encompass: 
 Deformation field and drag coefficient of permanently-bound microspheres. An 
assumption of the generalized Stokes-Einstein relations used in generating the 
rheological properties from displacements of the microsphere is the stress field 
decays as 1 𝑟𝑎𝑑𝑖𝑢𝑠⁄ . Previous work has found that this assumption does not 
apply to microspheres with low contact points to the network [241]. In order to 
generate rheological properties for these microspheres, a more detailed study to 
investigate the correlation between the GSER and extent of binding has to be 
carried out. 
 Effect of temperature and pH changes on the behavior of the bound 
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microspheres. The temperature of the surrounding microenvironment will 
affect the micromechanics measured through the diffusion equation presented 
in Eq 6. The optimum pH for carbodiimide coupling is 4.5. A sub-optimum pH 
will generate unreliable measurements due to incomplete covalent coupling to 
the surrounding network.  
 Identification of “outlying” microspheres that are not measuring the 
micromechanics of the network. On the ground of the findings in Chapter 3, we 
speculate that a parameter can be defined, by considering the network 
heterogeneity and extent of surface-modification, to identify single 
microspheres that are not reliably and purely measuring the local network 
mechanics. This parameter is especially critical for applications involving 
single-microsphere PTM. For example, a MSD zone in which the microspheres 
are probing actual network stiffness, with network heterogeneity taken into 
account, can be determined. This MSD region is defined with respect to pore 
size distribution, i.e. wider distribution indicates a greater heterogeneity in the 
network and thus a wider MSD zone. Microspheres with MSD that fall out of 
the zone are considered not reliable and should not be considered in subsequent 
analysis.   
 Probing distance or depth of sensing of covalently-bound microspheres in other 
networks. The microsphere mobility is affected by the presence of objects 
located further away from the immediate surroundings of the microspheres. 
These objects, whose stiffness may still be sensed far away, can affect local 
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strain transmission through the material. The strain transmission, in turn, is 
affected by the microstructures that characterize each network. 
 Source of measured micromechanics. The established method can be used to 
distinguish the source of measured micromechanics, whether it is contributed 
by a local network or individual fibers that the microspheres are bound to. A 
study can be done where the elastic contribution is varied through variation of 
fiber and/or cross-linker density and the resulting microsphere mobility and 
microrheological measurements are analyzed. 
5.2.3 PTM with covalently-bound microspheres for biological applications 
In section 3.2.8 and section 3.2.9 of this thesis, two original applications of the 
PTM with covalently-bound microspheres are introduced. These applications are made 
possible only with the method’s ability to generate reliable measurements using single 
probe. Apart from cancer cell invasion introduced in Chapter 4, the established method 
can also be used for various other biological studies that required intricate 
understanding of local micromechanics. 
 An outstanding question in cell biology exists where the sensing depth and 
corresponding mechanotransduction effects has yet to be answered [302,303]. 
As a cell engages the surrounding matrix, it senses the local elastic resistance 
of the extracellular matrix and nearby cells via active deformations. These 
active deformations establish how far a cell can sense and subsequently trigger 
a series of cell signaling to direct cell processes such as gene expression. These 
studies will facilitate the analysis of the local environment surrounding a single 
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cell. One of the stumbling blocks to adoption of the field of single cell analysis 
so far is the absence of tools to quantify the effect of environment factor on 
individual cell behavior [304,305].  
 Presence of heterogeneity within the microenvironment alters what cells sense 
and direct differentiation. [217,218]. These studies are conducted by deliberate 
addition of microstructures to generate local domains within the network. 
Elucidating the effect of these local domains on the local micromechanics 
around a cell will facilitate the designing of scaffolds with well-characterized 
microstructures for tissue engineering and regenerative medicine applications. 
Techniques that are currently adopted to generate such intra-network 
microstructures are electrospinning, fiber meshes, solvent casting and melt 
molding [59]. 
 Understanding the persistence of network deformation by cells as a 
mechanotransduction effect in 3-dimensional microenvironment. Cell-to-cell 
communication is ubiquitous in the majority of cells and is indispensible for 
proper development of most tissues and tumor progression [306]. While 
cell-to-cell communication is well-characterized for 2-dimensional culture, the 
field on cell communication in 3-dimensional environment is still in its infancy. 
Studies have reported observations of fiber alignment around individual cells 
and between two cells, but without distinguishing the role of these 
modifications such as a mode of communication [230,307] or to facilitate 
invasion. Through analyzing the persistence in network deformation as 
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introduced in section 3.2.9, mechanotransduction processes initiated by cells 
may be distinguished and categorized.   
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